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THEORY OF THE DIFFUSE SCATTERING OF X-RAYS BY SOLIDS 


By G. E. M. JAUNcEY 
WASHINGTON UNIVERsITY, St. Louts, Missour! 
(Received April 2, 1931) 


ABSTRACT 


The classical theory of x-ray scattering has been applied to the scattering of 
x-rays by the electrons in the atoms of a solid. The case in which the solid consists 
of atoms of one kind has been considered. The interactions of the waves scattered by 
each electron with those scattered by every other electron in the solid has been con- 
sidered. The analysis is simplified by the fact that the orbital periods of the electrons 
in the atoms are very much shorter than the vibrational periods of the atoms due to 
thermal agitations. The final formula obtained is 

f’2 F2 
S=1+( )F: tay x 
where S is the scattered intensity per electron relative to the scattered intensity from 
a single isolated electron, Z is the atomic number, F the atomic structure factor in- 
cluding the effect of thermal agitation, f’ is related to f the true atomic structure 
factor (without thermal agitation), N is the total number of atoms, and X is a cer- 
tain double summation. The value of X has not been obtained for an amorphous 
substance but it has been evaluated for the case of a simple cubic crystal by Jauncey 
and Harvey in the following paper in this issue of the Physical Review. 


I. INTRODUCTION 


N 1922, Jauncey! found that x-rays are diffusely scattered by crystals in a 
way which is similar to the scattering by amorphous solids. In particular, 


the spatial distribution of the scattered rays was found to be about the same 
for the crystals of rocksalt and calcite as for the amorphous substance glass. 
These experimental results were in distinct contrast to the results predicted 
by Debye’s theory? of the intensity of x-rays regularly reflected by crystals. 


Debye’s theory requires that diffuse scattering from crystals must occur, but 


that the spatial distribution and intensity of the rays scattered by crystals 
should be very different from the distribution and intensity of the rays scat- 


tered by amorphous substances. Furthermore, Debye’s theory predicts that a 


rise of temperature will cause an increase in the intensity of the rays scattered 


1G. E. M. Jauncey, Phys. Rev. 20, 405 (1922). Note: Figs. 2 and 6 in this reference should 
be interchanged. 


2 P. Debye, Ann. d. Physik 43, 49 (1914). 
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by crystals. Accordingly, Jauncey® investigated the effect of temperature by 
measuring the intensities of the rays scattered by rocksalt and calcite at 
568°KK and at 290°K. It was found that neither rocksalt nor calcite showed as 
great an increase of temperature as was demanded by the theory. In 1924, 
Jauncey and May‘ again investigated the scattering of x-rays by rocksalt 
and determined absolute values of the scattered intensity. The results agreed 
with the results previously found by Jauncey.! 

In 1917, A. H. Compton? carried out a theoretical investigation of the 
effect of atomic structure on the interisity of x-rays regularly reflected by 
crystals. The unit in the diffraction or scattering of x-rays by matter is the 
electron. The intensity of the x-rays scattered per unit solid angle by a single 
isolated electron in a direction @ with the primary x-rays has been shown by 
J. J. Thomson’ to be 


IT = Io(e*/2m?c4)(1+cos? ¢) (1) 


where J is the intensity of the primary x-rays. If Z electrons are closely 
packed together so that the charge of the aggregation is Ze and its mass is 
Zm, it is seen from Eq. (1) that the intensity of the rays scattered by the ag- 
gregation is Z* times the intensity scattered by a single isolated electron, or 
that the scattered intensity per electron in the aggregation is Z?/Z = Z times 
the intensity scattered by a single isolated electron. Hence, an atom which 
contains Z electrons closely packed at the center will give rise to scattered 
x-rays in a direction @ which have an intensity per electron of Z times the 
intensity scattered by a single isolated electron. If, however, the electrons are 
not massed close to the center of the atom, but are at distances from the 
center comparable with the wave-length of the x-rays, both constructive and 
destructive interference takes place between the x-rays scattered by the vari- 
ous electrons in the atom, with the result that the intensity per electron of 
the scattered rays is less than Z times the intensity scattered by a single 
isolated electron. The intensity of the x-rays scattered by a number of atoms 
depends upon the configuration of the electrons within each atom and upon 
the configuration of the atoms themselves. If the atoms are arranged in a 
crystal lattice, there are certain special directions in which the x-rays are 
scattered with great intensity, and thus we obtain Laue spots. However, if a 
Laue photograph is examined, it is found that in between the black spots on 
the developed photographic film there is general but less intense blackening. 
Part of this general blackening is due to the diffuse scattering found by 
Jauncey.' There are thus two effects in the scattering of x-rays by crystals, 
namely, special scattering, which produces Laue spots and which is caused by 
regular reflection from planes of atoms according to Bragg’s law, and diffuse 
scattering. 

The problem of the intensity of the special scattering by crystals has been 


3G. E. M. Jauncey, Phys. Rev. 20, 421 (1922). 

4G. E. M. Jauncey and H. L. May, Phys. Rev. 23, 128 (1924). 

5 A. H. Compton, Phys. Rev. 9, 49 (1917). 

6 J. J. Thomson, “Conduction of Electricity through Gases,” 2nd Edition, p. 325. 
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discussed at length by Compton.’ The configuration of the electrons in an 
atom is both rapidly and continually changing, and it becomes necessary to 
obtain a time average of the intensity of the x-rays scattered (the term “scat- 
ter” includes the ideas of both special and diffuse scattering) by the atoms of 
a crystal. However, the kind of average depends upon the particular effect in 
which we are interested. If we are studying the special scattering (i.e. Bragg 
reflection), we take one kind of average, whereas, if we are studying diffuse 
scattering, we take another kind of average. The first kind of average leads to 
the atomic structure factor as discussed by Compton.’ Recently Compton‘ 
has developed the theory of diffuse scattering from the atoms of a monatomic 
gas. The scattering per electron in a direction ¢ with respect to the primary 
rays is determined only by the average configuration of the electrons within 
each atom, and not by the configuration of the atoms themselves. The atoms 
are so far apart that they can be treated as isolated systems of electrons. In 
the case of a gas there are no directions in which special scattering takes place. 

The amplitude of the waves scattered in a direction ¢ by a single isolated 
electron is proportional to the square root of the right side of Eq. (1). For 
convenience, this amplitude is represented by unity. In the case of special 
scattering by a crystal (Bragg reflection), the intensity is proportional to the 
square of the time average of the amplitude per electron. In the case of diffuse 
scattering, the intensity of the scattered rays is proportional to the time aver- 
age of the square of the amplitude per electron. 

As example of the two kinds of average, let us consider the case of an atom 
with two electrons, both at a distance r=a from the center, but with random 
orientations. If a crystal consists of atoms of this kind and if the center of 
each atom (the nucleus) is exactly at a lattice point and there is no thermal 
agitation, Compton’ has shown that the square of the average amplitude per 
electron is E*, where 


E = (sin ka)/ka (2) 
and 
k = (4m sin 0)/d. (3) 


In Eqs. (2) and (3), @ is the glancing angle of incidence when the crystal is 
set for the regular reflection of the wave-length \. If, however, a monatomic 
gas consists of atoms of this kind, Compton® has shown that the average 
square of the amplitude per electron is 


S = 1+ (sin? ka)/k?a? (4) 


where is given by Eq. (3) and @ is half the angle of scattering. 

When E, the average amplitude per electron in a crystal, is multiplied by 
Z, the atomic structure factor F is obtained. In 1921, Bragg, James and 
Bosanquet® showed how experimental values of the atomic structure factor, 


7 A. H. Compton, “X-Rays and Electrons,” Chap. V. 
8 A. H. Compton, Phys. Rev. 35, 925 (1930). 
* Bragg, James and Bosanquet, Phil. Mag. 41, 309 (1921); 42, 1 (1921). 
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or F values as they are called, can be obtained from the experimental values 
of the intensity of x-rays reflected in different orders from the different sets of 
planes in a crystal. In an actual crystal, however, the atomic nuclei are sub- 
ject to thermal agitation and the atomic structure factor F which is obtained 
from crystal reflection is not referred to the center of the atom but to a lattice 
point about which the center of the atom vibrates. We shall call the atomic 
structure factor which is referred to the center of the atom or nucleus the true 
atomic factor, and we shall represent this by f. 

For several years it has seemed to the writer that in order to unravel the 
structure of atoms by means of x-rays it would not only be necessary to make 
observations on the x-rays regularly reflected, but also on the x-rays diffusely 
scattered by crystals. The one effect must in some way be complementary to 
the other. It is the purpose of this and the following paper to show how the 
two effects are interrelated. 


Il. GENERAL THEORY 


We shall first consider the intensity of the x-rays scattered by a large num- 
ber, 2, of electrons. Take a point O as shown in Fig. 1. Let AO represent the 
direction of the primary x-rays and OB the direction of the scattered rays. 
The plane containing AO and OB is then the plane of scattering. Let OV 


V 








pD 


Fig. 1. 


bisect the angle AOB. Now draw a plane perpendicular to the line OV, and 
let OU be the line where this plane cuts the plane of scattering. We shall call 
the plane whose trace is OU the reference plane. The waves which are scat- 
tered by all electrons in the reference plane are in phase with each other. We 
shall assume the phase angle of all such waves to be zero. Consider an electron 
at P. The path retardation of the rays scattered by the electron at P rela- 
tive to the rays scattered by an electron in the plane OU is CP+ PD. This re- 
tardation can be shown to be 2z sin 6, where z is the length of PE and PE is 
perpendicular to the plane OU. The angle @ is one-half the scattering angle 
@. The retardation depends only upon the distance of P from the reference 
plane and is not affected by moving P in any direction parallel to the ref- 
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erence plane. The phase angle of the waves scattered by an electron at P is 
then 


(2/d)2z sin @ = (4rz sin 6)/d (5) 


For brevity we shall call this phase angle kz where k is given by Eq. (3) and @ 
of that equation is ¢/2. 

Let the rth electron be at a distance z, from the reference plane, so that 
the phase angle associated with this electron is kz,. The amplitude of the waves 
scattered by a single isolated electron is unity, so that the resultant amplitude 
of the waves scattered by m electrons is the vector sum of the amplitudes 
associated with each electron. The resultant intensity J is the square of this 
vector sum, so that 


r=n 2 r=n 2 
[= ( >» cos ks) + ( ; 3 sin ks) : (6) 
r=1 


r=1 


Since cos *kz,+sin *kz, = 1, this reduces to 


T=n+ >’ Do’ cos k(z, — 2). (7) 
r=1 s=1 

The symbol >>’>>’ implies that in the double summation r is never taken 
equal to s. The value of J given by Eq. (7) is that due to a particular con- 
figuration of the » electrons. If the electrons are moving about, we must con- 
sider the probability of the configuration which gives rise to the intensity J. 
Let the probability that the rth electron is between s, and z,+-dz, be p,(z,)dz,. 
For brevity we shall write this p,dz,. The probability of a given configuration 
is then II,=,"p,dz,. The average intensity is therefore given by the n-tuple 
integral 


rn 


Iuve = J am J {n+ D0’ Di’ cos ks — 2)} [pede (8) 


r=] 


It should be remembered that m is the total number of electrons in, say, a 
0.1 mm cube of a substance, and is therefore a number perhaps of the order 
10!7, The limits of each integral are such that each 


[ots = 1 (9) 
In consequence of Eq. (9), 


f- ee 1) IIp-¢:, =n (10) 
r=1 


immediately. To evaluate the integral of the double summation, let us fix 
our attention on one of the terms of the summation, say, cos k(z,—2,), which 
refers to the two particular electrons, the wth and the vth electrons. In carry- 
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ing out the m-tuple integration, each integral with respect to z, will equal 
unity unless r=« or v. Hence we can perform (”—2) integrations, so that 


Tr n 
i) ae a feos k(ty — 3) ][¢-4:- 
r=] 


= i) PuPv COS R(Sy — Zy)dZydz, (11) 


Hence 


Ive = n+ >,’ >’ [fo cos k(z, — 2,)d2,dz,. (12) 


Dividing Eq. (12) by », we obtain the scattered intensity per electron, thus 
S=1+4+ (1/n) >’ > [ [r-. cos k(s, — 25)d2,d2,. (13) 


III. SCATTERING FROM A SOLID 


Actually, of course, electrons are aggregated into atoms. We shall now 
consider the scattering of x-rays by the electrons in the atoms in a solid con- 
sisting of one kind of atom each of which contains Z electrons. We shall 
assume that the motions of the electrons within an atom are very much more 
rapid than the heat motion of the atom. This enables us to obtain a time 
average of the configuration of the electrons within an atom over a time inter- 
val which is long compared to the orbital period of an electron within the 
atom, but which is still so short that the configuration of the atoms them- 
selves has practically remained unchanged during the interval. 

The rth and sth electrons of Eq. (13) may or may not be in the same atom. 
Let us consider the case where they are in the same atom. In this case we 
may take the reference plane of Fig. 1 through the nucleus of the atom. If we 
assume that the probability function for each electron is symmetrical about 
the reference plane through the nucleus, then each 


fo sin kz,ds, = 0 (14) 


so that 


f prps cos k(2, — 2,)dz,dz, 


= ( [> cos kz) x ( fo. cos kz.) (15) 


By referring to Compton,’ it will be seen that 


fo. cos kz,dz, = E, (16) 
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where £, is the average amplitude associated with the rth electron. Hence 
J prps cos k(z, — 2,)dz,dz, = E,E;. (17) 


In each atom there are Z(Z—1)/2 pairs of electrons and this is the number 
of the products 2E,E, for each atom. Let us now introduce an average quan- 
tity E’, defined by 


ZZ-1)E®? = \%' DEE, (18) 
r=1 s=1 


where in the summation 7 is not taken equal to s. Also let us introduce a 
quantity f’ defined by 
f’ = ZE’ (19) 


In the theory of crystal reflection,’ the true atomic structure factor f is de- 
fined by 


se Sez (20) 
r=1 


The double summation for each atom is therefore Z(Z —1)f”/Z?, and, since 
there are n/Z atoms, we obtain on summing for all the atoms 


(n/Z) X ZZ — 1)f'2/Z? = n(Z — 1)f"?/Z?. (21) 
Multiplying by 1/n, Eq. (13) reduces to 
S=14+ (Z—-1)f2/zZ2 + (1/n) "YO" [ 2. cos k(s, — %)dz-dz, (22) 


where the symbol >) ’’).’’ denotes summation when the rth and sth electrons 
are always in different atoms. 


QA B DE 























(ne— 


Fig. 2. 


IV. ORBITAL MOTIONS OF THE ELECTRONS IN THE ATOMS 


In Fig. 2, let OU be the reference plane and let the center of the ‘th atom 
be at Q and let the vth electron which is in the ‘th atom be at S. Let AQ=x,; 
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and CS = y;,, so that the distance of the electron at S from the reference plane 
is 


Ste = Xt + Vtv- (23) 


Similarly, let the center of the wth atom be at R, and the wth electron in this 
atom be 7°. Let ER=x, and F7'= yy, so that 


Suw = Xu + Vaw- (24) 


Taking two particular atoms, together with a particular electron in the 
first atom and a particular electron in the second, we may average for the 
positions of the two electrons by taking an interval of time which is long 
compared with the orbital period of the electrons, but so short that the cen- 
ters of the atoms have practically remained stationary during this interval. 
Hence we can treat the x's as constant when we integrate and dz may be re- 
placed by dy. In this case 


i) prps cos k(%, — %)dz,dz, 


[ [pes cos k(x, — Xu + yi — ye)dyidye 
(25) 


cos k(a; — Xy) f [os cos k(y; — ye)dyidye 


— sin k(x, — Xu) | [ ov: sin k(v; — ye)dyidy2 


where the subscripts 1 and 2 have been written for the subscripts fv and ww. 
The p’s are now probability functions referred to the center of each respec- 
tive atom. If the atom is symmetrical the integral containing sin k(y,— ye) 
vanishes and we are left with the integral containing cos k(y,;— 2). The term 
containing this integral then reduces to 


( fo cos ky.dy.) x ( fos cos kysdys) cos k(x, — xy) 


. (26) 
= E,E. cos k(x: — Xu) 


where the E’s are given by Eq. (16). If the atoms are of the same kind and 
we sum for the Z electrons in each of the two particular atoms, we obtain 


( Dk) cos R(x — %y). 


r=l1 


Then, summing for all the atoms, we obtain 


"> f J Prba COS (Sp — )daedz, =f?! D’ cos k(x: — ay) (27) 
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V. Heat MOTIONS OF THE ATOM 


We now remember that although the electrons in the atoms are moving 
much more rapidly than the centers of the atoms, yet the atoms are them- 
selves moving with their thermal velocities. If we are dealing with a solid, 
the centers of the atoms are vibrating about their mean positions. We there- 
fore introduce a probability function P for the center of the atom. Taking an 
average over a time long compared with the period of thermal oscillation of 
the atoms but short compared with the time during which scattering meas- 
urements are made, we see that Eq. (22) becomes 


=N u=N 


t 
§$=14+(Z2-1)f'2/Z22?+ (f/ZN) >)’ > [ [er cos k(x, — xy)dx,dx, (28) 
t u=1 


=1 


where N = n/Z, the number of atoms involved. 

Let us replace the x’s in Eq. (28) by 2’s, and let z, now refer to the distance 
of the center of the rth atom from the reference plane. Next, let the rth atom 
oscillate about a mean position whose distance from the reference plane is x,. 
Also let the displacement of the center of the atom from its mean position be 
y,, so that s,=x,+y,. The problem thus becomes similar to that in section IV 
of this paper and the analysis is similar, excepting that in the case of an 
amorphous solid it does not seem reasonable to assume that the probability 
function for the displacement of the center of the atom from its mean position 
is symmetrical about the mean position. However, if we do make this as- 
sumption in order to simplify the analysis, the double integral of Eq. (28) 
becomes 


ff P,P, cos k(z, — 2,)d2,dz, = H,H, cos k(x, — x,) (29) 

where 
H, = fe. cos ky,d yy (30) 
H, may be called the temperature factor for the rth atom. If, in addition, we 


make a second simplifying assumption that J/ is the same for all the atoms of 
the solid, and if we write F for fH, 


r=N s=N 
S=1+4+ 2-1/2? + F/ZN) Ye" Li cos k(x, %) (31) 
r=1 s=1 


where x, is now the fixed mean position about which the center of the atom 
oscillates. The quantity F is the atomic structure factor which includes the 
effect due to thermal agitation, while f’ in virtue of Eqs. (18), (19) and (20) 
is related to the true atomic structure factor f according to 


fra ft (r -z¥ BAe — 1). (32) 
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Hence except when the probability function £, is the same for each electron 
in the atom f’<f. It is unlikely that the probability function for a K electron 
is the same as that for an Z electron and therefore f’ should be greater than 


the true atomic structure factor. 
The double summation in Eq. (31) has not been determined for an amor- 


phous solid, but can be evaluated for a simple cubic crystal consisting of 
atoms of one kind. This evaluation has been effected by Jauncey and Harvey 
in the following paper in this issue of the Physical Review. 
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THEORY OF THE DIFFUSE SCATTERING OF X-RAYS 
BY SIMPLE CUBIC CRYSTALS 


By G. E. M. Jauncey anp G. G. HARVEY 
WASHINGTON UNIVERsITY, St. Louis, MIssourI 


(Received April 2, 1931) 


ABSTRACT 


The value of XY in the previous paper by Jauncey has been determined for the 
case of a simple cubic crystal consisting of atoms of one kind and the formula obtained 
by Jauncey reduces to: 


f?  #F 
- Z-1)—-— 
S=1+( \ Z 


There are no experimental results for a crystal consisting of atoms of one kind but 
Jauncey and May have obtained values for the diffuse scattering of x-rays from a 
crystal of rocksalt. Assuming rocksalt to consist of atoms of atomic number (11+17)/2 
or 14, we have calculated values of f’ using values of F given by James and Firth. 
These calculated values of f’ are found to be only slightly greater than the values of 
F at absolute zero. Also Jauncey has measured the effect of temperature on the 
diffuse scattering from crystals, From the above formula calculations of the ratio of 
the scattering at temperatures of 568° and 290°K have been made using F values 
given by James and Firth. The theoretical and experimental values of this ratio in 
one case are 1.29 and 1.33 respectively, and in another case are 1.13 and 1.18, thus 
showing good agreement between theory and experiment. 


I. INTRODUCTION 


N THE preceding paper in this issue of the Physical Review Jauncey' has 
shown that the scattering of x-rays by a solid consisting of atoms all of the 
same kind is given by 


N N 
S=1+4 Z@ — 1)f?/Z? + (F*7/ZN) Yo’ YO’ cos k(x, — 4s) (1) 

r=1 s=1 
where the various quantities are defined in Jauncey’s paper. As explained in 
Section 5 of that paper, the right side of Eq. (1) depends on the two simplify- 
ing assumptions: (1) the probability function for the displacement of the 
center of the atom from its mean position is symmetrical about the mean 
position, and (2) the temperature factor JJ is the same for all atoms. These 
two assumptions are probably not quite valid for an amorphous solid, but are 
valid for a simple cubic crystal of atoms of one kind. We shall therefore take 
Eq. (1) to be exactly true for this kind of crystal. The quantity x, in Eq. (1) 
is the distance of the mean center, about which the rth atom is oscillating due 
to its thermal motion, from the reference plane defined in the previous paper." 


In a simple cubic crystal x, is the distance of a lattice point from the reference 
plane. 


1G. E. M. Jauncey, Phys. Rev. this issue p. 1193. 
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II. EVALUATION OF THE DOUBLE SUMMATION 


In order to avoid confusion, we shall replace x, and x, by w, and w,. Itis 
our object to evaluate 


N N 

py Dy cos k(w, — ws). 

r=1 s=1 
Let us take a crystal parallelopiped whose sides contain P+1, 0+1, andR+1 
atoms so that N=(P+1) (Q+1) (R+1) or PQR since P, Q, and R are large 
numbers. Let the size of the parallelopiped be such that the absorption of 
x-rays in the crystal is negligible so that every atom in the crystal is bathed 
in x-rays of the same intensity. On the other hand, we suppose that the 
length of each side of the parallelopiped is many times the wave-length of 
x-rays. A crystal with the length of each side about 0.1 mm is what we have 
in mind. Let the crystal axes be parallel to the axes of rectangular cartesian 
coordinates with the origin at a corner of the crystal. A lattice point of the 
crystal will then have the coordinates 


x= pD, y= qD, = rD (2) 


where p, g, and r are integers and D is the lattice constant. Let the reference 
plane! pass through the origin of coordinates and let the direction cosines of 
the normal to this plane be /, m, n. The distance of a lattice point from this 
plane is then 


W por = [pD+ mgD + urD (3) 


If we imagine Z electrons massed at each lattice point of an ideal crystal, 
we shall have as in Eq. (6) of the previous paper! 


f Q R Vv 
T=*Z>, > YD cos RW par 
\ p=0 q=0 r=0 y 
P Q R 22 (4) 
+ \z _. Sin kW yor \ 
p=0 q=0 r=0 / 


In the triple summations in Eq. (4) », g, and r may be equal. Let us first sum 
with respect to 7, so that we obtain 


R R 
} COS RWyor = pe cos k(A yg + rnD) (5) 
r=0 r=0 
where 
A pq = pPlID + qmD (6) 


and is a constant during this summation. Now it can be shown that? 


R-1 _ RkRnD knD 
nD) sin : csc > (7) 








R 
+ cos k(A vat rnD) = cos H(A pat 


r=0 


~~ 


2 See, e.g. Hobson—Plane Trigonometry, 4th Edition, p. 90. 
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and that 








R . R— I! _ RRnD knD 
>> sin k(A pg + rnD) = sin i( eet nD) sin 
r=0 


csc (8) 
2 2 


Summation with respect to g and then p thus yields 


P Q R 
> Dd do cos kwyer 
r=0 


p=0 q=0 


P-1 Q-1 R-1 _ RPID | kOmD 
= cos ED sin 








—!+- m+ —— 1 sin 
2 2 2 2 2 
_ RRnD kID kmD knD 
sin -———— CSC csc cc -—— (9) 
2 2 2 2 








P Q R 


> DY Dsin kwyer 


p=0 q=0 r=0 








P-1 Q-1 R-1 _ RPID kQmD 
= sin K(— 1+ —— m+ n} sin sin 
2 2 2 2 2 


kRnD klD kmD knD 

















sin csc csc csc (10) 
so that Eq. (4) becomes 
kPID | kQmD . _kRnD kID kmD knD 
I = Z?-sin* — sin? - 2 : : * (11) 





sin? ——— csc? —-— csc? csc? 
2 2 2 


_ — — oe 


The angle of scattering enters the problem through the relation’ 

k = (4m sin ¢/2)/X. (12) 
If we have chosen values of ¢, the scattering angle, and 1, m, n the direction 
cosines of the normal to the reference plane, in such a way that 


RID ¥ 2xa, or kmD ¥ 2xb, or knD ¥ 2xc (13) 


where a, b, c are any integers, the value of the trigonometric function on the 
right side of Eq. (11) is of the order unity. Now, dividing the right side of Eq. 
(11) by the total number of electrons, PQRZ, we find the scattered intensity 
per electron to be 


¢ 201) - 
= Por (14) 





where O(1) isa quantity whose magnitude is of the order unity. Fora crystal 
of KCl, Z = 20 and, if we are dealing with a crystal in the form of a cube the 
length of whose edge is 0.1 mm, the value of PQR is about 10", so that the 
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right side of Eq. (14) is of the order 10~" which may be taken as zero. There- 
fore there is no diffuse scattering from an ideal simple cubic crystal whose 
atom centers are held exactly at lattice points with the electrons massed at 
the center of each atom. 

If Eq. (1) is applied to this ideal crystal, the same result must be obtained 
as in the previous paragraph. In this case f’ = F= Z, so that we have 


N V 
O0O=14+(Z2-1)+(Z/N) >’ DY’ cos k(w, — w,) (15) 
r=1 s=l1 


Solving Eq. (15) for the double summation we obtain 


f N 
>’ So’ cos k(w, — wv.) = — N. (16) 
s=1 


r=] 
Substituting this in (1), we obtain 
S=1+ 2 — 1)f?/Z? — F7/Z (17) 


for the scattering per electron from a crystal of simple cubic form whose atoms 
are all of the same kind and each of which contains Z electrons. In Eq. (17), 
it will be seen by reference to the preceding paper! that F is the atomic struc- 
ture factor which includes the effect due to thermal agitation, while f’ is re- 
lated to the true atomic structure factor f, which does not include the effect 
of thermal agitation, according to 


f” = f+ E —Z >a re| (Z — 1) (18) 
cD | 


where EE, is the average amplitude associated with the rth electron in the 
atom. If the average amplitude associated with one electron is the same as 
that associated with any other electron f’ =f and f’ is then the true atomic 
structure factor. 


IIIT. COMPARISON WITH EXPERIMENT 


Unfortunately, results on the diffuse scattering by a crystal consisting of 
atoms all of the same kind are not available. However, in 1924 Jauncey and 
May’ measured the absolute intensity of x-rays diffusely scattered by a crys- 
tal of rocksalt. They obtained the curve shown in Fig. 1. The curve X YZ 
represents the Thomson value of the scattering. Referring to their paper, it is 
seen that they used x-rays containing two wave-lengths, 0.71A and 0.40A. 
The peaks A and B are due to the wave-lengths 0.40A and 0.71A respectively. 
The point C was obtained when sufficient aluminum was inserted in the pri- 
mary beam to remove the longer wave-length constituent of the x-rays. We 
have therefore drawn the broken curve DA FG of Fig. 1, and this is then due 
to the scattering of x-rays of wave-length 0.40A. It seems preferable to use 
the curve for this wave-length, since it is known from the diagram at which 


3G. E. M. Jauncey and H. L. May, Phys. Rev. 23, 128 (1924). 
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value of @ the scattering approaches zero. Using this curve and dividing each 
ordinate by the Thomson value of the scattering at the same angle we obtain 
the S curve shown in Fig. 2 in which the abscissa is (sin@/2)/A. This S curve 
is for x-rays scattered by rocksalt at 290°K. 

In 1928 James and Firth* obtained F values from the regular reflection of 
x-rays by rocksalt at various temperatures. Their F values are for Na+Cl. 
In order to compare the present theory with experimental values, we shall 
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assume rocksalt to be made up of atoms of the same kind whose atomic num- 
ber is (11+17)/2=14. We therefore take as F values to be substituted in Eq. 
(17) one half the values given for Na+Cl in the paper by James and Firth. 
These average F values are shown in the second column of Table I. Values of 
S found from Fig. 2 are shown in the third column of this table. From Eq. 
(17), values of f’ can thus be determined and these are shown in the fourth 
column. James and Firth give F values extrapolated to absolute zero and the 
averages of these for Na and Cl are shown in the fifth column. The values in 


4R. W. James and E. M. Firth, Proc. Roy. Soc. A117, 62 (1928). 
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the fourth and fifth columns should be nearly but not quite equal. The true 
atomic structure factor f is somewhat greater than the value of F at absolute 
zero, if there is zero point energy. 























c.0 -— 

or 

5 

1.0 

0.5°r 
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Fig. 2. 
TABLE I. 

(sin @/2)/X Fr0°K S290°K r Fux 
0.1 12.3 12.8* 12.8 
0.2 9.4 1.24 10.1 9.9 
0.3 6.9 1.82 8.0 7.6 
0.4 a.2 1.93 6.6 6.1 
0.5 3.9 1.94 5.4 4.8 
0.6 2.8 1.88 4.6 4.0 
0.7 2.1 1.77 3.8 te 
0.8 1.6 1.56 be 2.8 
0.9 Sse 1.38 2.6 2.4 
1.0 0.8 1.26 Zz. 2.0 
1.1 0.5 ...37 1.7 1.6 
i 0.3 1.10 1.6 1.4 








| 
| 
| 
| 
| 
| 
| 





| 
| 
| 
| 
| 


* By extrapolation. 


As zero angle of scattering is approached, f’ and F each approach Z and S 
approaches zero. This agrees with the experimental curves shown in Figs. 1 
and 2. 

In 1922, Jauncey® found a temperature effect for the diffuse scattering by 
rocksalt. The temperatures used by Jauncey were 290°K and 568°K. From 
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the values given by James and Firth,‘ F values at 568°K can be interpolated. 
The wave-lengths used by Jauncey were 0.28A and 0.36A at 15° and 30° 
scattering angle respectively. The ratios of the values of S found are shown in 
the fifth column of Table II. F values obtained from James and Firth are 
shown in the second and third columns. Values of f’ obtained from Fig. 2 and 
Eq. (17) are shown in the fourth column. Now putting the values of Fogo°x 
and Fyes°x in Eq. (17) and using the appropriate f’ values, we obtain theore- 
tical values for Ss9o°x and Sses°x. The ratios of these values are shown in the 
sixth column. 








TABLE II. 
; _ Sses°K/Sis0°K 
(Sin @/2)/A Figo? x Fys°x f' Exp. Theory 
0.467 4.25 3.20 5.8 1.33 1.29 
0.720 1.95 0.90 3.7 1.18 1.13 








It is seen that there is good agreement between the experimental and theoreti- 
cal values of the ratios. 
For a monatomic gas Compton’ has shown that 


S=1+@-)f?/2 (19) 


so that from the experimental values of S values of f’ can be obtained. If x- 
rays are scattered by a simple cubic crystal of the same chemical element as 
the gas, values of f’ can be obtained from the experimental values of S and F 
for the crystal. The values of f’ for the gas should nearly agree with those for 
the crystal, the slight difference being due to the structure of an atom in a 
crystal being affected by the proximity of other atoms, 


5G. E. M. Jauncey, Phys. Rev. 20, 421 (1922). 
* A. H. Compton, Phys. Rev. 35, 925 (1930). 
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ABSTRACT 

In the measurement of x-ray wave-lengths by ruled gratings two principal diffi- 
culties have been discussed which may account for the difference observed between 
the wave-lengths determined by this method and those determined by using crystal 

“ gratings. They are, the periodic error in the grating, and the geometrical divergence 
of the x-ray beam. It is now shown that the effect of the periodic error can be deter- 
mined by a study of the intensities of the optical ghost lines. For a good quality 
optical grating it has been found that the error in x-ray wave-lengths due to the 
periodic error in the grating is thus of no importance. By using a suitable disposition 
of apparatus the effect of the geometrical divergence of the x-ray beam can be made 
as small as desired. Thus it is concluded that ruled gratings can be used for precise 
wave-length measurements of x-ray spectra. 

In the present experiment the two parallel plate method has been used for de- 
termining the angles of incidence and diffraction. Five glass gratings of different 
grating spaces and ruled on two ruling engines have been used. The results from the 
various gratings on the same wave-length have agreed satisfactorily. No consistent 
variations of any type were observed. The final results from 172 sets of plates are 
given in the following tables. 








Spectral Crystal \ Grating \ Limiting Grating \ 
line error —Crystal \ 
Cu Kp 1.389144 1.39225A +0.00014A +0.224% 
Cu Ke 1.53838 1.54172 +0.00015 +0.217% 
Cr Ks 2.08017 2.08478 +0.00021 +0.222% 
Cr Ka 2.28590 2.29097 +0 .00023 +0.222% 








From these results the true grating space of a calcite crystal is d = 3.0359 +0.0003A. 
Using this value of the grating constant, Planck’s constant as determined by Duane, 
Palmer and Yeh is, h=6.573 +0.007 X 10°? erg: sec. e/m can be determined from the 
dispersion of x-rays by using the absolute wave-length of an x-ray spectrum line. The 
mean of the values of the dispersion as given by Stauss and Larsson gives e/m=1.769 
107 e.m.u.g7. The values of these constants are independent of any imperfection 
in the crystal. If the crystal lattice is assumed to be perfect we then have Avogadro's 
number, V = 6.019 X 10*5 mol. per mole, and the charge on the electron e=4.806 X 10-"° 
e.s.u. Using this value of e, and d as above, we find Planck’s constant  =6.623 X 10-77 
erg sec. 
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EASUREMENTS of the wave-length of x-ray lines using ruled gratings 
have been made by a number of investigators.'~’ The results obtained 


1 A. H. Compton and R. L. Doan, Proc. Acad. Sci. 11, 598 (1925). 
2 J. Thibaud, Comptes Rendus 182, 55 (1926). 
3F, L. Hunt, Phys. Rev. 30, 227 (1927). 
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by this method have been in general higher than the corresponding wave- 
lengths measured by means of a crystal grating. Unfortunately the differences 
observed between the grating values and the crystal values by different ex- 
perimenters have not been the same. In the best of the experiments, differences 
exist which appear to be greater than the probable errors in the experiments. 
It has been pointed out by the writer’ that these differences are most likely 
due to the quality of the gratings used and consistent errors of observation. 
The present experiment was undertaken in an effort to eliminate as far as 
possible the uncertainty which exists concerning the absolute wave-length of 
X-rays. 


THEORY OF RULED GRATINGS FOR X-RAY MEASUREMENT 


Since ruled gratings must be used at tangential incidence for x-rays, the 
usual grating formula m\ =d(sin i—sin r) may be written in terms of the small 
angles @ and a of Fig. 1 as 


_ 26+a . a 
n = 2a( sin ~— sin =) (1) 





where @ is the angle between the surface of the grating and the direct beam, 
and a the angle between the reflected beam and the diffracted beam. 

The angles @ and a for x-rays are very small so that the problem of accu- 
rately measuring x-ray wave-lengths is principally a problem of measuring 
very small angles with a high degree of precision. Assuming that these angles 
can be precisely measured, it will be of interest to investigate the possible 
error in the wave-length due to other causes. 

The geometrical divergence of the x-ray beam perpendicular to the plane 
of the grating will shift the position of the memundineies was first pointed 
out by Porter.’ Porter’s result was for the special case where the distance 
from the source to the center of the grating, and the distance from center of 
the grating to the position of the image were equal. Stauss'® has considered in 
a similar manner the more general case where the distances are not equal. The 
complete diffraction equation then becomes: 


d= d(cos ¢ $ yf bene (= ~~) (2) 
ny = d(cos 1; — cos d2 a te 2 
20(2* — ¢17) \ 12? 1,? 


where ¢; = 9, ¢2= (a+), x is the length of grating used, /, the distance from 
the source to the grating, and /2 the distance from the grating to the image. It 
will be seen that the correction term will be either + or — depending on the 








4 E, Bicklin, Inaugural Dissertation, Uppsala Universitit (1928). 

5 C, P. R. Wadlund, Phys. Rev. 32, 841 (1928). 

6 J, A. Bearden, Proc. Nat. Acad. Sci. 15, 528 (1929). 

7 J. M. Cork, Phys. Rev. 35, 1456 (1930). 

8 J. A. Bearden, paper presented at Optical Society of America, Charlottsville Meeting, 
October 1930. 
* A. W. Porter, Phil. Mag. 5, 1067 (1928). 
10 H. E. Stauss, Phys. Rev. 34, 1601 (1929). 
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values of J; and J.. It will also be noticed that the position of the 0 order will 
be displaced if 1; #/. thus 


‘ E 1 —( 1 5) 3) 
si 20 \42 le? |” 


The magnitude of this correction depends on the method used in measuring 
gd; and ¢o. 

The geometrical center of the slits is not the center of the reflecting sur- 
face of the grating. If 8 represents the angle between the central slit ray and a 
line from the source to the effective center of the grating, it has been shown" 
that 


7) 
3° 


B= 
46,/;? 





(4) 


where s is the slit width and ¢; and /; are the same as in Eq. (2). 
The divergence of the x-ray beam in the plane of the grating leads to a 
correction in the wave-length of the form 


d 2h ohio? 
nor = “(4 _ : ) (5) 
2 \ 21,2 21.” 


_ 





where 2(/;+/2) is the length of spectrum line, and 2h, the effective height of 
grating. 

Prins" has criticized the writer’s published results® believeing that a cor- 
rection of the type shown in Eq. (2) would account for the difference in wave- 
length observed between the grating and crystal methods. Correspondence 
with Prins has shown that he had misinterpreted the writer’s disposition of 
apparatus. This correction, as will be shown later, is of negligible importance. 

There are three types of errors which are usually present in the ruling of a 
grating, either of which would lead to erroneous absolute wave-lengths. These 
errors, the erratic, the error of run, and the periodic error have been discussed 
by Michelson and Rowland in connection with the absolute wave-lengths of 
optical spectra. The erratic error is not susceptible to analytical correction 
but its importance can best be determined by using gratings ruled on differ- 
ent ruling engines and comparing the results. 

The error of run can be determined in a number of ways. Probably one of 
the most precise methods of determining this error is the focusing property 
exhibited by such gratings. Assuming parallel incident light, Fagerberg™ has 
derived an equation of the form 


d; x cos* Pe 
—=1+— : (6) 
do r(sin Yi — sin We) 
where d; and d; are the grating spaces at the extremes of the grating, y is the 
angle of incidence, W2 the angle of diffraction, x the length of the grating, and r 





J. A. Prins, Nature 124, 370 (1929). 
® Sven Fagerberg, Zeits. f. Physik 62, 457 (1930). 
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the distance from the grating to the focus. With this method it is possible to 
detect an error in the grating space of 10-§ cm. Another method which has 
been used by the writer in connection with the above is to rule every 4th or 
7th line on the grating longer than the other lines. The distance between these 
lines can then be measured directly by a comparator. Also the average grating 
space can be accurately measured by determining the number of spaces on a 
grating and the distance between the extreme lines. 

The periodic error of the grating will produce an asymmetrical spectrum 
line which always makes the angle of diffraction appear larger than it should 
be. This effect is of no importance in ordinary optical gratings for the error is 
inversely proportional to the length of the grating used. In the x-ray applica- 
tion, however, the length of the grating used is only a few mm so the error 
may be important. Fagerberg has calculated the error for x-rays and obtained 

2m 
dd = —A (7) 
x 
where m is the maximum displacement of any line on the grating from an ideal 
grating with the average grating space mo, x is the length of the grating used, 
and A the wave-length. He assumed m to be from 0.0005 to 0.001 mm, x= 
1 mm and found 6A = 0.001 to 0.002 A which is the order of magnitude of the 
observed difference between grating measurements and crystal measurements. 
It should be pointed out, however, that the values of m assumed were, for 
good quality gratings, too high. m can be determined from the intensity of 
the Rowland ghost lines in a grating. The relation between the intensity of 
the ghost lines and the intensity of the main line may be written approxi- 
mately 


I m\? 
— = (=v) (8) 
To Mo 
where 7 is the intensity of the first order ghost, J) the intensity of the main 
line, V the spectral order, m the maximum displacement of a line from the 
ideal grating, m7) the average grating space. 

It is true that for gratings of large grating space (e.g. 50 lines/mm) one 
might be able to have m=0.001 mm and the intensity of the ghost lines be 
very weak in the low orders. However if one examines the very high spectral 
orders the ghost lines would be very intense. One can usually observe 30 or 
more orders with a grating of 50 lines per mm. If we observe the 30th order 
of such a grating and have m=0.001, the intensity of the ghost lines would 
be more than 20 times the intensity of the main line. In any case one can de- 
termine the importance of this error by carefully examining the intensity of 
the ghost lines of the grating. If one wished to get an accurate estimate of m 
for a coarse ruled grating, I believe it would be permissible to rule a small 
spaced grating (e.g. 600 lines/mm) and determine m from such a grating; 
thence rule the coarse grating using the same part of the ruling engine screw. 
There seems little reason to believe that the ruling engine would misplace the 
lines on a coarse grating any more than on a finely spaced grating. 
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Compton" has considered the question of the refraction of the x-rays at 
the surface of the grating, and concludes that refraction could not cause any 
displacement of the spectral lines. It has been shown by Siegbahn,™ and has 
also been observed by the writer, that the type of surface influences greatly 
the intensity of the x-ray spectra. It is difficult to believe, however, that this 
could in any way displace the spectral lines. The writer has also been able to 
improve the intensity of the x-ray spectra many times on a lightly ruled grat- 
ing by etching it. In order to test the effect of etching on the position of the 
spectral lines, one half of a grating was etched and the other half left un- 
etched. The grating was mounted in such a manner that either etched or un- 
etched part could be used. The results were the same within experimental 
error from both parts. 

Thus, it seems from the above considerations that the measurement of 
x-ray wave-lengths by the use of ruled gratings can be made reliable. By a 
suitable disposition of the apparatus the error in the wave-length should be 
just the error of measuring the grating constant d and the two angles 6 and a. 
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Fig. 1, Diagram of apparatus. 


METHOD OF EXPERIMENT 


In the present experiment the K-series of copper and chromium were 
chosen as a source of K-rays. The intensities of these lines can be made very 
great and they are the longest wave-lengths that can be worked with success- 
fully without using a vacuum spectrograph. These wave-lengths can also be 
used to determine directly the grating space of such crystals as calcite and 
rock salt. Even though the angles of diffraction and reflection for these lines 
are small, it is believed that greater precision can be secured by using these 
wave-lengths than could be obtained by use of longer wave-lengths with a 
vacuum spectrograph. 

There are several methods by which the angles @ and a could be measured. 
However, from a consideration of the error involved in each method it ap- 
pears that the modification of the Uhler and Cooksey" parallel plate method, 


18 A. H. Compton, Jour. of the Franklin Inst. Oct. (1929). 
4M. Siegbahn and T. Magnusson, Zeits. f. Physik 62, 435 (1630). 
% H. S. Uhler and C. D. Cooksey, Phys. Rev. 10, 645 (1917). 
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used by the writer,® is preferable. Fig. 1 shows the arrangement of the appa- 
ratus. This method avoids error due to any variation in the width of the slits, 
or non-uniformity of illumination over the slit. It will also be seen that it is 
not necessary that the grating be accurately on the axis of rotation as is essen- 
tial in other methods. The measurements are all linear measurements and no 
angular motion of the grating is needed for a determination of the angles. 

In order to determine the errors to be expected from this arrangement 
Eq. (1) may be written in terms of the measured quantities as 


, d [| +s) ‘ 
nh = - cieessiees )xr 3)s (9) 
2b? y ’ 








where D, x, v, and s, are as indicated in Fig. 1. In Eq. (9) the angles were used 
instead of the sine of the angle, and the angle was put equal to the tangent 
of the angle. This equation is in error by approximately 1 part in 3000 for the 
angles involved. It can be shown that for a given distance from the grating 
to the second plate that the minimum error in wave-length for a given error 
in measuring x occurs when J is made a maximum. This neglects the geomet- 
rical divergence of the x-ray beam and from Eq. (3) it will be seen that this 
must also be considered in choosing b. The distances y and z must be made 
large enough to be conveniently measured. A good comparator cannot be 
depended upon to better than about 0.001 mm. Thus, in order to obtain the 
desired precision y and z must be greater than 10 mm. This makes the distance 
from the grating to the second plate about 2 meters. An error in measuring 
the distance x produces an error in the wave-length of about 3 times as much 
as the same error in y or s. Fortunately the lines determining x are very nar- 
row and are never more than 1 mm apart so x can be measured to a much 
higher precision than y or s. By assuming an error of 0.001 mm in x, y or 2 
one is lead to expect an error in A of approximately 1 part in 10,000. 

In the present experiment the distance /,; from the first slit to the grating 
was 45 cm, from the grating to the second plate 191 cm, and from the grating 
to the first plate 7 cm. A typical plate gives ¢; = 3X 10-%, ¢2= 7 X10-% for the 
first order, and ¢2 = 16 X 10~’ for the sixth order. Thus Eq. (2) becomes 


mr = d(cos ¢; — cos d2)(1 — 1.93 X 10~*) ist order 


mdr = d(cos d; — cos d2)(1 + 0.054 XK 107°) 6th order 
Eq. (3) becomes 
de = $)(1.0000087) 
for the 2nd plate, and 
os = $1(0.99964) 
for the first plate. 


On the first plate this corresponds to 0.0002 mm. From Eq. (4) 8=+4.15 
10-8 or 0.00008 mm on the 2nd plate, and Eq. (5) gives for the 6th order 


i 
U 
i 
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5A = — 1.64 10-" cm. Thus there are no corrections of any importance. In 
any case some are + and some are —, so the total correction is probably much 
less than any individual correction. 


APPARATUS 


The apparatus was mounted on a reinforced concrete block 6.5” 30” 
xX 96”. The top of the block was a smooth stone. Iron blocks 1” X 4+" X 4” were 
inserted about 3” from the top and at various positions in the block when it 
was cast. Threaded holes in the center of the iron blocks permitted iron rods 
to be rigidly attached to the base. The apparatus was held in position by 
these rods. This base was supported by 3 concrete blocks under each end. 
Between the blocks, rubber, felt and wood strips were inserted to damp out 
the vibrations from the building. 

The plate holders were made from a solid brass plate 1/2” X4"” X6”. The 
surface against which the photographic plates rested was scraped to a plane 
surface. The photographic plates were held against this surface by a plane 
brass plate against which pressed two strong springs. A piece of blotting paper 
was inserted between this brass plate and the back of the photographic plate 
to equalize the pressure on the photographic plate. The plate holders were 
attached to a 2” square iron rod which was held rigidly to the base by two 
1.25” iron rods. The photographic plates were inserted and removed without 
disturbing the adjustment of the plate holders. 

The grating was mounted on a three point support which was attached to 
a slide capable of being moved through several mm. The position of the slide 
was determined by a scale and dial, reading to 0.001 mm. This slide rested on 
a table which rotated on accurately made centers. The table could only be 
rotated through 200°, but this was sufficient for making adjustments. It was 
found that such a table was far more satisfactory in rotating about an axis 
than the ordinary spectrometer. 

The slits were made of steel with gold faces 1 mm thick. One jaw was 
clamped rigidly and the other jaw held against it by small springs. Thin spa- 
cers were used to obtain the desired slit widths. The two slits were attached 
to a brass tube which was capable of being rotated by a long arm and a tan- 
gent screw. Thus after the slits had once been made accurately parallel they 
could be clamped in position, and any further adjustment of tilt could easily 
be made by the tangent screw. 

The x-ray tube was a water-cooled Coolidge type, with a side arm and a 
thin window of aluminum (0.01 mm thick) to reduce the absorption of the 
copper and chromium x-rays. The focal spot was usually about 1 to 2 mm in 
diameter and the tube was operated about 10 m.a. and 40 K.V. The x-rays 
were taken off at about 10° from the face of the target. The chromium targets 
were prepared by electroplating a layer of chromium on the regular copper 
targets. The x-ray tube was mounted on a slide in order that the source of 
greatest x-ray intensity could be placed in line with the slits. The tube could 
also be raised and lowered to bring the focal spot in line with the center of the 
slits, grating and plates. Evacuated tubes with thin celluloid windows were 
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placed between the slits and between the plate holders to reduce the absorp- 
tion of the x-rays. 

The experiment was carried out in a small room in which the temperature 
could be accurately controlled. A recording mechanism kept a continuous 
record of the temperature and the temperature never varied by more than 
0.1°C. During a single exposure the temperature usually remained constant to 
within 0.02°C. 


ALIGNMENT AND CALIBRATION OF APPARATUS 


The alignment of the plate holders, center of grating, and center of slits 
in a horizontal line was accomplished by adjusting each to a given height 
above the top of the stone base. The height of the focal spot of the x-ray tube 
was adjusted by placing a horizontal slit on this line midway between the 
tube and second plate, thence adjusting the height of the tube until the image 
of the focal spot fell on the center of the second plate P:. This adjustment 
was made to within 0.5 mm. 

The adjustment of the grating surface parallel to, and on the axis of rota- 
tion was very conveniently and accurately made by using the modified Michel- 
son interferometer shown in Fig. 1. The grating which was ruled on a plane 
parallel plate was spluttered with gold or silver to obtain a good optical re- 
flection. The grating was mounted with the reflecting surface against a rigid 
three point support on the slide of the rotating table. 

If one places plane parallel plates in positions G’ and G”’ (Fig.1) of the same 
thickness as the plate on which the grating G is ruled, it will be seen that the 
optical path is the same whether the rotating table is in the position shown, or 
after it has been rotated through 180°. The grating slide and the slide which 
supported the second interferometer mirror were adjusted until the central 
white light fringe remained in the same position when the rotating table was 
turned through 180°. Thus the grating surface was accurately set on the axis 
of rotation to within 0.1 of a fringe. The grating surface was made parallel 
to the axis of rotation by observing the number of fringes in the field of the 
two 180° positions. Care was taken to make sure that the same number of 
fringes represented zero angle between the grating surface and the axis, and 
not an angle of twice as many fringes. This angle was made 0° to within 1 
fringe’ 20 mm which is about 2” of arc. It will be noticed that after the adjust- 
ments are once made the grating can be taken out and replaced very easily by 
the use of the interferometer. It was not necessary that the grating surface 
be spluttered, as the fringes were always visible even with the cleanest glass 
surface. The interferometer was also used to check the position of the grating 
during an exposure. 

The axis of rotation was then made approximately perpendicular to the 
horizontal line, which passed through the center of the slits and the center of 
the plate holders. This was accomplished by allowing a beam of light to pass 
through a slit in the center of the second plate holder P: and thence reflected 
by the grating surface back on to the slit. 

The slits were then moved horizontally until the x-ray beam passed over 
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the axis of rotation. In order to do this, the slit S. nearest the grating (about 
30 mm away) was made very narrow (approximately 0.003 mm). The grating 
was adjusted parallel to the x-ray beam by x-ray reflection, and the slits moved 
until the narrow beam was partially cut off. 

The grating was then rotated through 90°. The grating surface was then 
perpendicular to the direction of the x-ray beam. A telescope fitted with a 
Gauss eve piece was placed about 5 meters away and adjusted until the image 
of the cross-hairs was reflected back by the grating on to the cross hairs. A 
plane parallel mirror was inserted in place of the photographic plate, and the 
plate holder P; adjusted until the image of the cross hairs was returned as 
above. The mirror was then placed in the second plate holder Ps which was 
likewise adjusted. Thus the two plate holders were made parallel and also 
perpendicular to the x-ray beam to within 5” of are. 

The grating was rotated to a position parallel to the x-ray beam and 
moved completely out of the path of the x-rays. The slit S. was made 0.01 
mm wide and the slit S; near the x-ray tube was made 0.015 mm. A photo- 
graphic plate was then placed on a slide between the grating and the first 
plate holder P;. A short exposure of about 10 seconds was sufficient to record 
a sharp line on the plate. The plate was then moved about 1 mm and the 
grating was moved 0.001 mm into the x-ray beam. Another exposure of 10 
seconds was made. This was repeated until the grating cut off the entire x-ray 
beam. If the slit Sy was not parallel to the grating, the lines on the developed 
plate were not cut off uniformly by the grating at the top and bottom. In this 
way the slit S: could be made parallel to the grating to within 10” of arc. The 
parallelism of the slit S; was tested in the following manner. A photographic 
plate was placed in the plate holder P;. The direct x-ray beam was recorded. 
The grating was rotated through an angle of about 5’ of are and then put in 
position to reflect the x-ray beam. The reflected beam was thus recorded. If 
the slits were parallel to each other and parallel to the axis of rotation of the 
grating, the two lines on the developed plate would be parallel. Thus by ac- 
curately measuring the separation of the lines at the top and bottom of the 
plate, the perfection of the adjustment was determined. If the lines were not 
parallel, S; was readjusted, and the above process repeated. In this way the 
slits were made parallel to each other and parallel to the axis of rotation of 
the grating within 10” of are. 

The lines on the grating were aligned parallel to the axis of rotation of the 
grating in the following manner. A vertical slit about 50 cm from the grating 
was illuminated by a mercury arc. A double cross hair in the viewing tele- 
scope was rotated until the spectral lines formed by the grating were parallel 
to the cross hairs. The grating was rotated 180° and the spectral lines observed 
again. When the lines of the grating were parallel to the axis of rotation, the 
spectral lines formed in this position were parallel to the cross hairs. Since 
the grating space varies as the cosine of the angle of tilt this adjustment was 
only made to within 0.5°. 

The distance between the plate holders was measured by placing an iron 
rod 3/4” square between the two plate holders, and then measuring with 
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inside micrometers the distance between the parallel ends of the iron rod and 
the plate holders. The length of the rod was determined by comparison with 
the laboratory standard, which had been calibrated by the Bureau of Stand- 
ards, Washington, D. C. Independent measurements by different observers 
agreed to within 0.02 mm, so that the error in the final value was probably less 
than this. The comparator on which the separations of the lines on the plates 
were measured was carefully adjusted and calibrated. Six gratings have been 
used in the present work. Four of these gratings (1-4) were ruled by Professor 
Wood in this laboratory, and the other two were ruled by Mr. Pearson under 
the direction of Professor Michelson of the University of Chicago.* All the 
gratings were ruled on glass. Larger angles could have been used by using a 
heavier material for the ruled surface, but glass gratings give sharper and 
more intense spectra than the metallic surfaces. Also, the glass gratings can 
be spluttered with gold and used at large angles. In this case the intensity of 
the spectra is greatly increased as compared to the unspluttered glass surface 
and the sharpness of the spectral lines remains unchanged. The characteristics 
of the gratings are as follows. 

Number I was ruled with 287 lines per mm on a plane optical glass surface 
with a very light ruling. The ruling was uniform and no lines were missing. 
The surface ruled was approximately 25 mm square. In order to examine the 
grating with optical light the top and bottom of the grating was etched, and 
then spluttered with gold. The intensity of the Rowland ghost lines in the 11th 
order was about 1/3 the intensity of the main line, thus m[from Eq. (8) | 
would be 0.00006 mm, and for x =4 mm, Eq. (7) gives 6A=0.00003X. It was 
found that the intensities of the first and second orders of the x-ray spectra, 
from the etched portion of the grating, were increased 5 or 10 times as com- 
pared to the unetched part. The higher orders were not improved. Spluttering 
the grating with gold improved the intensity of the unetched portion but did 
not improve the etched part. The error of run was estimated by the focusing 
effect in various orders and was less than 10~*d. 


Number 2 was ruled with 143 lines per mm on a plane parallel plate made 
from good quality plate glass. The ruling was heavier than on number 1 and 
it was not necessary to etch part of the grating for observation of the optical 
spectra. The ghost lines were weaker in this grating in the 22nd order than in 
the 11th order of number 1. Etching did not improve the intensity of the x-ray 
spectra even though the intensity of the optical spectra was increased several 
times. Spluttering with gold increased the x-ray spectra from the whole grat- 
ing by a factor of three or four. The error of run was estimated as above and 
found to be of no importance. This grating had some missing lines near the 
middle of the ruling, se it was only used for testing the effect of etching and no 
results are listed from it. 

* The results from these two gratings were obtained at the University of Chicago. The 
apparatus was essentially the same as described above. Through the courtesy of Professor 
Michelson the experiment was carried out in one of the constant temperature ruling engine 


vaults. The writer also wishes to express his appreciation to the members of the Physics De- 
partment for placing at his disposal the facilities for carrying out this part of the experiment. 
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Number 3 was ruled with 287 lines/mm on a plane parallel plate similar to 
number 2. This grating was not etched and was very similar to number 1. 
On this grating every 7th line was made longer than the others so that direct 
measurement of the distance between these 7th lines could be made. Also the 
number of lines on the whole grating could be easily determined, and by 
measuring accurately the distance between the extreme lines the grating space 
d was obtained. The error of run was less than 10-*d, and the intensity of the 
ghost lines was about the same as in grating 1. 


Number 4 was a duplication of number 2 except the 4th lines were ruled 
longer as in number 3. This grating was not etched and possessed characteris- 
tics very similar to number 2 and 3. 

Number 5 was a glass grating ruled with 50 lines per mm on the ruling 
engines at the University of Chicago. This grating seemed to be very free 
of ghost lines, as no ghost lines could be observed even in the very high orders. 
The first 1/4 of the ruled surface, however, possessed a very bad error of run, 
probably due to not allowing the ruling engine to run a sufficient length of 
time before the ruling was started. The grating space of this grating was ob- 
tained by carefully determining the pitch of the ruling engine screw. This 
grating was not carefully examined by the writer until after the x-ray spectra 
had been taken. The erratic results obtained were completely explained by 
this error of run in the grating. By eliminating all exposures, which were taken 
on the bad part of the grating the results were consistent with the results from 
the other gratings. 


Number 6 was a grating with 600 lines per mm, ruled on the same engine 
as number 5. One part of this grating, which was lightly ruled and gave faint 
optical spectra, gave x-ray spectra about twice as intense as the more heavily 
ruled portion. The resulting wave-lengths were the same, within experi- 
mental error, from both parts of the grating. 

Two types of photographic plates were used. The results with gratings 5 
and 6 were obtained with selected plate glass plates coated with Eastman x- 
ray emulsion. These plates were developed, washed, and dried in the ordinary 
manner. It has been stated’® that certain precautions used in the manufacture 
of commercial plates are omitted in preparing special plates. Thus the plates 
used in the experiments with gratings 1-4 were the regular commercial x-ray 
plates. About one half of the plates were “treated” as described by D. Cook- 
sey and C. D. Cooksey, and the remaining plates were not previously 
treated, but were dried in alcohol and allowed to attain equilibrium in a humid 
atmosphere. No difference in the consistency of the results was noted between 
the last two methods. A considerable difference was noted however between 
these latter methods and the regular developing methods used with the spe- 
cial plates. A test was also made using a standard which was made by silvering 
a piece of glass the size of the plates used, then making four diamond scratches 
at equal intervals on the silvered surface. This surface was put in contact 
with the emulsion and a flash of light from above the plate recorded four very 


16 PD. Cooksey and C. D. Cooksey, Phys. Rev. 36, 80 (1930). 
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fine lines on the photographic plate. The plate was then developed, and by 
comparing the distance between these lines with those on the standard, a test 
could be made for contraction or expansion of the plate due to the different 
methods of developing. The results obtained were essentially in agreement 
with those of D. Cooksey and C. D. Cooksey" except the variations were not 
quite as great. 


METHOD OF TAKING EXPOSURES 


In exposing a series of plates, the grating was first withdrawn from the 
path of the x-ray beam and a short exposure given to record the direct beam 
on the second plate P: at the position 1 in Fig. 1. A plate was put in the first 
plate holder P;, and the direct beam recorded at 2. The grating was next 
moved into position for reflection of the x-ray beam, and after allowing 15 to 
30 minutes for the slide to attain an equilibrium position, the reflected beam 
was registered at 3. This plate was then removed and a short exposure given 
to record the reflected beam at 4+. The plate P: was then covered with a lead 
screen almost to the position where the first order would appear, and a long 
exposure (6 to 24 hours) given to record the various orders of diffraction. At 
the end of the long exposure another set of plates was taken to make sure that 
nothing had moved during the exposure. A new plate was put in P2, and the 
reflected beam recorded at 4. Likewise a plate was put in P; and the reflected 
beam recorded at 3. The grating was then removed from the path of the x-ray 
beam and the two positions, 2 and 1 recorded. Since the wave-length depends 
so much on the position of the reflected beam, another method of taking the 
exposures was used on about 40 sets of plates. Exposures 1, 2, 3 and 4+ were 
taken as above. A new plate (or the same plate with ends reversed) was placed 
in Ps. The position of the reflected beam was covered with a screen. After 
about half the long exposure had been given the screen was removed for a 
short time to record the reflected beam. At the end of the exposure the grating 
was removed from the path of the x-rays and the direct beam recorded. Thus 
if there was any slow change in the position of the apparatus, the reflected 
beam was recorded in the mean position. The results were in good agreement 
with the above method. At first it was difficult to get the initial and final ex- 
posures to agree as closely as desired. In the latter exposures, however, when 
the temperature was constant and the vibration from the building damped 
out, the plates checked as accurately as comparator measurements could be 
made, which was to about 1 part in 10,000. 

The separations of the lines on the plates were measured with an accurately 
calibrated comparator. In making the measurements 5 or 10 settings were 
made on each line on the plate. The plate was then reversed and a similar set 
of measurements made. If a difference of more than 0.004 mm existed be- 
tween the distances as measured in the two positions, the plate was remeas- 
ured. Several sets of plates were arbitrarily remeasured after several weeks, 
but no appreciable differences were detected. The wave-lengths were calcu- 
lated from Eq. (1) using Andoyer’s 15 place trigonometric tables. 
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RESULTS 

Typical results are shown in Fig. 2. It will be seen that the two a lines are 
not resolved on any of the plates, but this is not to be expected, as a calcula- 
tion shows that the separation would only be a few hundredths of a mm. In 
order to compare these lines with the crystal measurements, one must take a 
weighted mean of the a; and ay lines as given by the crystal measurements. 
If we assume a form of the lines of the type y=e “ it can be shown that the 
maximum intensity of the unresolved doublet should occur very near the 
“center of gravity” of the two lines. Siegbahn’s value of the copper Aa line 
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Fig. 2. | copper target, grating 50 lines per mm. II copper target, grating 287 lines per mm. 
Ill copper target, gold sputtered grating 143 lines per mm. IV chromium target, grating 143 
lines per mm. V copper target, grating 600 lines per mm. 


thus weighted is 1.5386A, and for the chromium Ka line is 2.2862A. The 
measurements on the 8 lines do not involve this difficulty of weighing as the 
separation of the doublet is so small that it is of no significance in the present 
work. These crystal values must be corrected for the index of refraction of the 
x-rays in the crystal. The corrected crystal wave-lengths which are compared 
with the grating measurements are shown in Table IV. 

The average results obtained from each grating are given in Table I. The 
column headed “gratings” gives the number of the grating as listed in the 
section on “alignment and calibration of apparatus.” The prime numbers are 
the same as the unprimed numbers except the grating was spluttered with 


gold. In the experiment 172 sets of plates were taken under various condi- 
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Taste I, 

Grating Cu Cu Cr Oe Cr 

land 3 1.39210 1.54150 2.08463 2.29088 

4’ 1.39242 1.54193 2.08492 2.29109 

4 1.39215 1.54183 2.08486 2.29111 

5 1.39217 1.54158 2.08455 2.29075 

5” 1.39235 1.54183 2.08499 2.29111 

6 1.39207 1.54173 2.08465 2.29077 
Weighted 

average 1.39225 4172 2.08478 2.29097 


1 
on 








tions, such as different angles of reflection 6, different slit widths and length 
of exposure. The measurements from 107 plates have been retained and the 
other discarded because the initial and final exposures failed to check or on 
account of other experimental difficulties. 

In order to show the type of variation obtained with each grating Table II 
gives the copper series results for grating 4’. The lowest value recorded for any 
wave-length was +0.13 percent and the highest +0.31 percent greater than 
the corresponding crystal values. In obtaining the average for each grating 
each order was given equal weight. This method was used because in the low 
orders the lines were intense and easily measured, while in the higher orders 
the lines were more difficult to measure but the errors were of less importance. 


TABLE II. 





Cu Ke | Plate Distancey Cu Ks Cu Ka 





Plate Distance y Cu Ag 








127. 10.357 mm 1.3921A-1.5415A | 132 10.032 mm 1.3929A —1.5426A 
1.3922 1.5422 1.3924 1.5423 
1.3923 1.5424 1.3926 1.5422 
1.5423 1.5415 
1.5424 1.5419 
1.5416 133 26.808 = 1.3924 1.5425 
128 10.008 = 1.3921 1.5415 1.3929 1.5418 
1.3924 1.5420 1.3926 1.5420 
1.3022 1.5422 1.3928 1.5419 
1.5421 1.5423 
1.5419 1.5417 
129 10.069 = 11.3926 1.5422 134 26.805 1.3928 1.5415 
1.3924 1.5425 1.3921 1.5421 
1.3926 1.5421 1.3924 1.5418 
1.3925 1.5425 1.5421 
1.5425 1.5419 
130 10.006 = 11.3925 1.542? 1.5415 
1.3025 1.5414 135 26.807 1.3921 1.5416 
1.3926 1.5417 1.3922 1.5418 
1.5417 1.3924 1.5413 
1.5420 | 1.3919 1.5414 
131 10.029 1.3925 1.5421_— | 1.5417 
1.3922 1.5417 1.5411 
1.3024 1.5419 | — : —__—_- — 
1.5420 Average 1.39242 1.54193 
1.5417 











In any case it was found that almost any consistent method of weighing gave 
practically the same result. The probable error has not been given for each set 
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of measurements as in almost every case it was much less than the probable 
consistent errors in the experiment. It is believed that the differences between 
the results for various gratings form the best method of determining the prob- 
able error in the experiment. This may be seen more easily from Table III 


TABe III. 

Grating Cu Ags Cu Ke Cr Ag Crka 
1 and 3 0.213 (26) 0.203 (46) 0.215 (16) 0.218 (28) 

4’ 0.236 (30) 0.231 (49) 0.229 (3) 0.227 (5) 

4 0.217 (4) 0.224 (11) 0.226 (15) 0.228 (27) 

5 0.218 (41) 0.208 (73) 0.211 (32) 0.212 (51) 

>" 0.232 (49) 0.224 (82) 0.232 (44) 0.228 (67) 

6 0.211 (11) 0.218 (16) 0.216 (3) 0.213 (4) 

Weighted 

0.217 (277) 0.222 (113) 0.222 (182) 


Average 0.224 (161) 


where the percent difference is given between wave-lengths as measured by 
grating and crystal methods. The number in parenthesis is the number of 
orders of each wave-length which were measured for each grating. Thus line 
5’, means that grating number 5 was spluttered with gold, 49 orders of the 
copper KB line and 82 orders of the copper Ka line were measured, and with 
the chromium target 44 orders of the A® line and 67 orders of the Ka line 
were measured. The weighted average was obtained by multiplying each 
value by the number of measurements (in parenthesis) and dividing the sum 
by the total number of measurements. 

The final results are given in Table IV. The crystal wave-lengths are those 
given by Siegbahn" which have been corrected for the index of refraction of 
the x-rays in the crystal. The limiting error has been estimated by the follow- 
ing method. 


TABLe ly. 
Spectral Crystal Grating Limiting Grating \ 
Line r PN Error —Crystal A 
Cu Ka 1.38914A 1.39225A +0.00014 +0 .224% 
Cu Ka 1.53838 1.54172 +0.00015 +0.217% 
Cr Kp 2.08017 2.08478 +0.00021 +0.222% 
Cr Ka 2.28590 2.29097 +0.00023 +0.222% 








In addition to the probable error calculated from the variation of the re- 
sults, there are three possible sources of consistent error that have to be taken 
into consideration. They are: the measurement of the grating constant, the 
distance between the plate holders, and the precision of the comparator on 
which the plates were measured. 

The grating spaces of gratings 1 to 4 were measured directly as described 
above. This method essentially determines the pitch of the ruling engine 
screw. The pitch of the screw as determined from these gratings differed by 
less than 1 part in 20,000. The grating space of gratings 5 and 6 was deter- 


17 M. Siegbahn, “The Spectroscopy of x-rays” (1925). 
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mined by measuring directly the pitch of the ruling engine screw. It appears 
to the writer that the maximum error in the grating space of the gratings 
should not exceed 0.005 percent. 

The distance between the plate holders (184.280 cm) was measured by two 
observers and the results agreed to within 0.002 cm. The iron bar was com- 
pared with the laboratory standard and also measured on the comparator on 
which the plates were measured. Thus the maximum error in the distance 
between the two plate holders must have been less than 0.004 percent. 

In addition to the calibration of the comparator as already described, it 
was further checked for erratic or periodic error by measuring the distance 
between the lines on a coarsely ruled grating. From these results it is con- 
cluded that the absolute error in the comparator was not greater than 0.001 
mm over the range used. Since the distances on the plates varied from 4 mm 
to 50 mm, the average error must have been less than 0.008 percent. 

It will be seen from Table III that the differences between the results 
from different gratings and different wave-lengths are of negligible importance 
as compared to the possible consistent errors. Thus the limiting error has been 
taken as 0.01 percent. 





TABLE V. 
Spectra Grating’ =—s—“‘ércobatbleCo, 
Investigator line \ —Crystal error Date 
Compton-Doan Mo Ka 0.7078A —0.1% +0.4% 1925 
Thibaud Cu Ka 1.540 +0.1 +1. 1926 
Hunt Pt Ma 6.1 +1.6 1927 
Al Ka 8.5 +2.0 
Bicklin Mo Lae 5.402 +0.11 +0.2 1928 
Mo Ls 5.174 +0.14 +0.2 
Al Ka 8.333 +0.12 +0.1 
Mg Ka 9.883 +0.09 +0.2 
Fe La 17.61 +0.17 +0.2 
Wadlund Mo Kay .708 +0.1 +0.1 1928 
Cu Ka, 1.537 0. +0.08 
FeKa, 1.938 +0.3 +0.2 
Howe Cu La 13.37 +0.6 +0.3 1929 
Fe La 17.66 +0.5 +0.3 
Bearden* Cu Ka 1.5418 +0.22 +0.02 1929 
Cu Kp 1.3922 +0.22 +0.02 
Cork Mo La; 5.4116 +0.29 1930 
Mo Le, 5.1832 +0.30 
Bearden Cu Ka 1.54172 +0.217 +0.01 1931 
Cu Kg 1.39225 +0.224 +0.01 
Cr Ka 2.29097 +0.222 +0.01 
Cr Kp 2.08478 +0.222 +0.01 














* These results are not the same as those published but they have been corrected for the 
difference between Eq. (9) which was used for calculating the wave-lengths and the correct 
Eq. (1). Also the index of refraction of the x-rays in the crystal was neglected in this preliminary 
report. 
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DiIscUssION 

It is interesting to compare the absolute measurements of the x-ray wave- 
lengths obtained by various investigators using ruled gratings. Table V gives 
asummary of these results, where the probable errors are approximately those 
given by the authors. It will be noticed that all the results are high except the 
pioneering results of Compton and Doan and the copper Ka, result of Wad- 
lund. 

The copper Ka, line was recorded by Wadlund on only three plates, and 
on the plate showing the most measurable orders a difference of 0.75 percent 
in wave-length was observed in different orders. Measurements made by the 
writer using the same grating gave results about 0.2 percent higher than the 
crystal values. The results obtained by Backlin and Cork on the molybdenum 
Laand L8 lines differ by almost 0.2 percent. Howe and Backlin differ by more 
than 0.3 percent on the iron La line. These differences observed by the vari- 
ous investigators are rather difficult to understand. However, it has been 
observed by the writer that an error of 0.2 percent can easily be made unless 
all adjustments are precisely made. It is very essential that the angle @ be 
checked at the beginning and end of an exposure as this forms a satisfactory 
criterion for accepting or rejecting a given set of plates. The satisfactory agree- 
ment between the present results for different gratings and also those ob- 
tained by the writer in 1929 seem to support this criterion. 

In Table III it will be noted that the results with the gold spluttered grat- 
ings 4’ and 35’ are higher than the results obtained with the unspluttered 
gratings. The difference appears to be greater than the experimental error but 
probably is not of sufficient magnitude to indicate a fundamental difficulty 
with the grating method. The spluttered layers were very thin (absorbed 
about 95 percent of optical light) and it is conceivable that there might have 
been some interaction between the top of the gold surface and the glass sur- 
face. However, the difference was so Small that it was not thought worth 
while to plan a detailed experiment to test the question. 

The great difference between the wave-lengths thus measured and those 
obtained from crystal measurements indicates some fundamental difficulty in 
the two methods. As was seen in the earlier part of this paper no suggestion 
has been supported which would influence the grating results. It is known, 
however, that crystals such as rocksalt are much less perfect than crystals of 
calcite, but even calcite cannot be considered a perfect crystal. In order to 
account for the mechanical properties of crystals, Zwicky'’ has developed a 
theory which strongly suggests that even in crystals of calcite there might be 
a concentration of atoms at rather regularly spaced intervals. This would 
make the average density of the crystal greater than the density of the small 
elements of the crystal which are effective in diffracting x-rays. Such an im- 
perfection in the crystal would account for the observed difference in wave- 
length as measured by ruled gratings and crystals. In any case it appears that 
the difficulty must be either in the crystal or in the constants used to calculate 
the grating space of the crystal from chemical data. 


18 F, Zwicky, Helvetica Physica Acta 3, 269 (1930). 
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DETERMINATION OF THE FUNDAMENTAL CONSTANTS 


The absolute wave-length measurements obtained above allow us to deter- 
mine directly the fundamental grating constant of crystal gratings. The com- 
plete Bragg law of diffraction may be written 


., Seed .. 
ny = 2d sin 0{ 1 — — *) (10) 
sin* 6 


where is the order of diffraction, \ the wave-length, d the grating space of 
the crystal, @ the angle of diffraction, and u the index of refraction of the 
x-rays in the crystal. Sine 6 and yw have been precisely measured by many in- 
vestigators. It is thus possible to determine the distance d between the layers 
of atoms in the crystal almost as accurately as the wave-length A of the x-rays 
is known. Siegbahn and Dolejsek'® have found for the copper K@ line sin @ 
= 0.229334. Larsson*® has found (1—p)/A?=3.72X10" or (1—yp)/sin?@ 
= 1.36X10-*. Substituting these values and the wave-length of the copper 
KB line from Table IV in Eq. (10) one finds 


d = 3.0359 + 0.0003A 


One of the most precise methods of measuring Planck’s constant h is by 
determining the high frequency limit of the continuous x-ray spectrum. The 
quantum relation 


Ve = hy 


_ (2d siné 
c 


where v is the potential applied to the x-ray tube, d is the grating space of the 
crystal used and @ the minimum angle of diffraction. The experiment of 
Duane, Palmer and Yeh*! gives directly the value of v sine as 2039.9+0.9 
volts. Using the value of d obtained from Eq. (10), e=4.77X10-"° e.s.u. and 
c = 2.99796 X 10'° cm/sec we obtain 


may be written in the form 


h = 6.573 + 0.007 X 10°” erg: sec. 


All different theories of the dispersion of x-rays agree in the limiting case 
when the frequency of the radiation is much greater than the natural fre- 
quency of the electrons in the dispersing medium. The relation is 

ne? 


1—~=—— (12) 


2amv? 
where uy is the index of refraction, x the number of electrons per cm* in the 
19 M. Siegbahn and V. Dolejesek, Zeits. f. Physik 10, 160 (1922). 


20 Alex. Larsson, Inaugural Dissertation, Uppsala, 1929. 
21 Duane, Plamer and Yeh, Opt. Soc. Amer. 5, 376 (1921). 
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dispersing medium, e the charge on the electron, m the electronic mass, and 
vy the frequency of the radiation. This equation can be rewritten in the form 
€ 2nMc®? (1 — p) 


~— 4 (13) 
m FpZ ? 





where \/ is the molecular weight, F the Faraday constant, p the density, z the 
molecular number, A the wave-length of the x-rays and c the velocity of light. 
Stauss™ has recently measured (1—) for the molybdenum Ka, and K@ lines 
using quartz as the refracting medium. His value of (1—,) is 


(1 — w)ka, X 10° = 1.804 + 0.001. 


If we increase the crystal value of the molybdenum wave-length by 0.221 
percent, which seem justifiable from the agreement of the writer’s measure- 
ments of the copper and chromium K-series, we obtain for the molybdenum 
line the wave-length 


MoKa, = 0.7094A 


Substituting this wave-length in Eq. (13) and the other constants from 
Birge’s™ tables one obtains 


e 
(<) = 1.765 + 0.001 X 10’ e.s.u. 
M / Ka, 


This value of e/m is very unsatisfactory because it does not agree with either 
the usual spectroscopic value or the deflection method value. However, it 
should be pointed out that Larsson’s”® value of (1—y) is much higher than 
this value from Stauss’s experiment. If one uses an average of the values ob- 
tained by Larsson and Stauss we have 


e 
— = 1.769 X 10’ e.s.u. 
m 


Thus it appears that further experiments on the dispersion of x-rays will have 
to be made before confidence can be placed in the value of e/m obtained in 
this manner. 

The above constants as determined from the grating measurements of 
x-ray wave-lengths are unaffected by the possible imperfections of the crystal. 
It may be interesting, however, to calculate other fundamental constants as- 
suming that the crystal grating is perfect. 

From fundamental considerations of crystal structure it can be shown that 
the grating space d of a rhombohedral crystal is given by 


nM \"8 


* H. E. Stauss, Phys. Rev. 36, 1101 (1930). 
°° R. T. Birge, Phys. Rev. Sup. 1, 1 (1929). 
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where is the number of molecules in each elementary rhombohedron, M the 
molecular weight of the crystal, N is Avogadro’s number, p the density of the 
crystal, and ¢ is the volume of a rhombohedron, the perpendicular distance 
between whose opposite faces is unity. It can also be shown that 


‘esa (1 + cos B)? 
. (1 + 2 cos B) sing 


where £ is the angle between the fist the crystal. All the quantities in Eq. 
(14) can be precisely measured éxcept N. Thus if the crystal is perfect, an 
independent determination of d should make possible a precise measurement 
of Avogadro’s number N. Using the value of d found from Eq. (14) and the 
other constants from Birge’s*™ tables one finds 





(15) 


N = 6.019 + 0.003 X 10** mol. per mole 


If Avogadro’s number N can be accurately determined in this manner the 
charge on the electron e can be obtained from the relation 


F = Ne (16) 
where F is the Faraday constant. Thus 
e = 4.806 + 0.003 X 107 e.s.u. 


Planck’s constant / determined from Eq. (11) using e= 4.806 X10-'° and the 
other constants the same as above, gives 


h = 6.623 + 0.004 X 10-* erg-sec. 


The values of N and e obtained from Eqs. (14) and (16), and the value of 
h using e from Eq. (16) appear to be entirely too high. The numerous ways 
in which these constants enter into theoretical calculations make the accept- 
ance of these high values almost impossible. This may be interpreted as a 
support of the theory of mosaic structure of crystals. If the entire difference, 
observed in the x-ray wave-lengths as measured by the two methods, be at- 
tributed to the mosaic structure, then we now have a precise method for de- 
termining quantitatively the magnitude of this effect in any crystal. An inde- 
pendent experimental determination of the mosaic structure would of course 
allow us to calculate N and e as above, with higher precision than has been 
attained by other methods. 
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THE TRANSPARENCY OF SODIUM FLUORIDE AND LITHIUM 
FLUORIDE IN THE EXTREME ULTRAVIOLET 


By EvGENE H. MELVIN 
CHEMICAL LABORATORY, UNIVERSITY OF CALIFORNIA 
(Received April 8, 1931) 


ABSTRACT 

Artifically prepared single crystals of sodium and lithium fluorides were tested 
for transparency to extreme ultraviolet light by means of a one meter concave grating 
vacuum spectrograph. The source used was a highly condensed spark discharge 
through a Pyrex capillary. These crystals were expected to be more transparent than 
calcium fluoride (fluorite) due to their lower indices of refraction. Lithium fluoride 
was transparent to 1083A (132A below the limit of fluorite) which is the practical 
limit to be expected. Sodium fluoride was transparent to 1320A, which is not thought 
to be the limit of the pure material. Crystals of these salts have been made as much 
as 5 cm in diameter, and they are rather insoluble and easily cut and polished being 
very similar to fluorite. 


ESEARCH work in the extreme ultraviolet part of the spectrum has been 

handicapped by a lack of transparent materials. The most transparent 
material known was calcium fluoride (fluorite) which Liefson' found trans- 
parent to 1215A (this is exceptional and fluorite that transmits to 1400A is 
very scarce). Lyman? has tested a great number of naturally occuring crys- 
tals; he found none as good as fluorite and that fluorite varied greatly in its 
transparency. Therefore research work has been directed towards the prepa- 
ration of large single crystals from pure salts. 

Crystals have several advantages in spectrographic work. A prism spec- 
trograph gives a much brighter spectrum than a grating spectrograph. Crys- 
tals have greater dispersion than glasses near the transmission limit; so if 
prisms of various crystals were available one could obtain high dispersion in 
any desired part of the spectrum. Achromatic lenses can be made when crys- 
tals are obtainable that have about the same transmission limits. Crystals 
that transmit far into the extreme ultraviolet have high dispersion in the 
near infrared. 

There were several reasons for the choice of sodium and lithium fluorides. 
They are cubic crystals, which make the preparation of lenses and prisms 
simpler than from other classes of crystals. Calcium fluoride was the most 
transparent solid known, and since the fluoride ion was the chief determining 
factor the fluorides were given the most consideration. Lithium fluoride was 
first prepared because the lithium ion is smaller and has fewer electrons than 
the calcium ion. Since the index of refraction is closely related to the absorp- 
tion or transmission of light, a plot of the dispersion curves of cubic crystals 
was thought worthwhile; all that had been measured were those of calcium 


1S. W. Liefson, Astrophys, J. 63, 73 (1926). 
2 T. Lyman, Astrophys. J. 25, 45 (1907). 
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fluoride, sodium chloride, and potassium chloride. Since then Gyulai® has 
measured the dispersion curves for five alkali halides. All the measurements 
are shown in Fig. 1. The fact that the curves do not cross and are of the same 
general shape was used to limit the research to crystals which showed the 
most promise, since a single measurement of the index of refraction fixed its 
relative position in the plot and indicated how transparent the pure crystal 
would be in the extreme ultraviolet. Sodium fluoride has the lowest index of 
refraction (1.328 for Np) for any cubic crystal and therefore should be the 
most transparent in the extreme ultraviolet. The only other cubic crystal that 
might have as low a value for Np is potassium fluoride which is very deliques- 
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cent and consequently for practical use out of the question. Lithium fluoride 
has a value for Np of 1.384, while calcium fluoride has a value of 1.434. There- 
fore pure sodium fluoride and lithium fluoride should be more transparent 
than calcium fluoride. 

The single crystals, made by a method previously published,‘ were pre- 
pared from repurified C.P. chemicals. The transparency was the best test of 
the purity. Crystals of sodium and lithium fluorides cleave easier and better 
than fluorite. They were tested by placing a thin cleavage plate of about 1 mm 
thickness between the light source and the slit of a one meter concave grating 


3 Z. Gyulai, Zeits. f. Physik 46, 809 (1927). 
4H. C. Ramsperger and E. H. Melvin, J.0.S.A. and R.S.I. 15, 359 (1927). 





1232 EUGENE H. MELVIN 


vacuum spectrograph. The light source used was a condensed spark discharge 
through a Pyrex capillary at a residual air pressure of about 0.002 mm of Hg; 
this gave a line spectrum extending to 500A. The crystal window was pro- 
tected by glass tubes from metal sputtered from the aluminum electrodes. 


RESULTS 


Spectrograms showing the transparency of the crystals are not published 
due to the fact that faint lines near the transmission limit are not visible in 
reproduction. The percentage of light transmitted is difficult to judge due to 
the type of source used. A description of the results follow. 

Lithium fluoride. Four crystals of lithium fluoride were tested. The trans- 
mission limits varied between 1083A and 1350A. All the crystals were very 
transparent to within 200A of their limit. The salts used in preparing the crys- 
tals were from different sources which may explain the variations, since the 
treatment given them was the same in all cases. 

Sodium fluoride. Two crystals of sodium fluoride were tested. One crystal 
transmitted to 1740A with almost no absorption of light, then absorption was 
complete; the other crystal transmitted to 1320A where absorption set in 
completely. 


DISCUSSION 


The limits of transparency varied considerably for both salts. The limit 
of 1083A obtained for lithium fluoride appears to be the practical limit of 
transmission for the pure salt based on the curves shown in Fig. 1. This limit 
is 130A beyond that obtained for the best fluorite. The limit of 1215A for 
fluorite would seem to be the limit for pure calcium fluoride. As indicated in 
Fig. 1, sodium fluoride should be more transparent than lithium fluoride, but 
this was not found to be the case, slight traces of impurities are thought to be 
the explanation of this. The great absorption that traces of impurities may 
have is shown in a recent paper by Hilsh and Pohl’ who measured the disper- 
sion frequencies above 1600A of many alkali halides. They distilled the salts 
onto a quartz plate to measure their absorption, and found that the layer of 
salt had to be of the order of 0.001 mm thick to get appreciable amounts of 
light through the salt below the first absorption wave-length. Thus we see 
that extremely small amounts of such salts as these would effect the trans- 
mission of extreme ultraviolet light very markedly. 

Sodium fluoride and lithium fluoride are better than fluorite also in that 
they do not become colored and opaque with use—some crystal windows 
were tested many times. These crystals are about as hard as fluorite so that 
anyone familiar with fluorite can cut and polish them. Single crystals up to 
5 cm in diameter have been prepared and there seems no reason why much 
larger ones could not be prepared. Plates are very easy to cleave and have 
very good surfaces. Lithium fluoride is rather insoluble—0.27 g per 100 g of 
water at 10°C—and can be ground and polished in water. Sodium fluoride is 
more soluble—4.3 g per 100 g of water at 18°C—and so cannot be allowed to 
stand in water. 


5 R. Hilsh and R. W. Pohl, Ziets. f. Physik 59, 812 (1930). 
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THE ANGULAR DISTRIBUTION OF PHOTOELECTRONS 
EJECTED BY POLARIZED ULTRAVIOLET LIGHT 
IN POTASSIUM VAPOR 


By Mitton A, CHAFFEE 
UNIVERSITY OF CALIFORNIA 


(Received April 10, 1931) 


ABSTRACT 


Light of wave-lengths in the region of 2400A selected by a monochromator and 
polarized by a pile of quartz plates illuminated a jet of potassium vapor. The lateral 
directions of emission of the photoelectrons relative to the electric vector were 
studied. Though the electrons were ejected with energies less than one equivalent 
volt, the experiments were definite in establishing that the most probable direction of 
ejection is that of the electric vector and that the angular distribution varies as the 
square of the cosine of the angle between the electric vector and the direction in 
question. This result is in accord with predictions of the wave mechanics for a spheri- 
cally symmetrical atom and incidentally therefore constitutes additional evidence 
that mojecules do not play an appreciable part in the observed photo-ionization of 
potassium vapor. 


INTRODUCTION 


HE wave mechanics predicts that the most probable direction of emission 
* of photoelectrons by polarized radiation is forward of the electric vector. 
The forward component of the ejected electrons is furnished by the momentum 
of the absorbed quantum and therefore is only appreciable when the momen- 
tum of the absorbed quantum is comparable with that of the photoelectron. 
Apart from this forward component the distribution in angle about the elec- 
tric vector decreases with the square of the cosine of the angle between the 
direction in question and the electric vector. 

A great amount of experimental work on the angular distribution of photo- 
electrons ejected by x-rays has verified the above predictions of theory.' The 
present work has sought to examine experimentally the phenomena in the 
optical region. Here the momenta of the absorbed quanta are so small that no 
forward component should be observed and therefore the angular distribu- 
tion should follow a cosine squared law for the longitudinal as well as the 
lateral distribution. The experiments reported in this paper have shown that 
for the lateral distribution of the electrons ejected by ultraviolet light in po- 
tassium vapor such is the case. 


EXPERIMENTAL METHOD 


Rather troublesome difficulties were encountered in the present work be- 
cause the problem was that of measuring the velocity directions of electrons 


1C, D. Anderson, Phys. Rev. 35, 1139 (1930). This paper contains references to other 
work in the field. 
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having less than one equivalent volt of energy. Making sure that the photo- 
electrons observed were really from the vapor was itself an elusive and diffi- 
cult task. 

The main requirements of the experiment were as follows. First, light had 
to pass through the tube ionizing the vapor without striking the electrodes or 
walls of the tube which, in the presence of the vapor, were extremely photo- 
active. Second, the electrodes and tube had to be maintained at room tem- 
perature to avoid thermionic emission, while a sufficient and constant vapor 
density of potassium to obtain a measurable number of photoelectrons was 
necessary. Third, an intense and constant source of ultraviolet light was 
necessary in order to give a good photo-effect at the lowest possible vapor 
density. The upper limit to the allowed vapor density was set by the require- 
ment that the mean free path of the electrons had to be comparable with 
the dimensions of the ionizing chamber. 
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Fig. 1. Diagram of apparatus. 


These requirements were satisfied by an apparatus which incorporated 
many features similar to that used by Lawrence? in his measurement of the 
photo-ionization probability of potassium and that of Williamson* who stud- 
ied as well the distribution of velocities of the photoelectrons produced in 
potassium. A jet of vapor was ionized by plane polarized radiation inside a 
cylindrical grid, which was practically field free, so that electrons traveled in 
their original directions of ejection. Those that were ejected in the direction 
of a slit (a solid angle of 11.5 degrees) were accelerated into a faraday cylinder 
and measured by a Compton electrometer (sensitivity 10,000 mm/volt). 

Figure la, b shows a detailed description of the apparatus. The light 
source consisted of a cobalt spark (which has many strong lines in the region 
2300-2700A) quenched by a blast of air which served both to steady the 
spark at one position and to increase greatly the intensity of the ultraviolet 
light. The light was focused by lens LZ; into the slit of a Bausch and Lomb 
quartz monochromator which resolved the light into a band of about 500A 


2 E, O. Lawrence, Phil. Mag. 1, 345 (1925). 
3 R. C, Williamson, Phys. Rev. 21, 107 (1923). 
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around 2400A, thus eliminating the visible spectrum which would only pro- 
duce photoelectric emission from the potassium surfaces. Lens Ze, a quartz- 
fluorite achromatic combination, focused the light to infinity. The light was 
polarized by two piles of quartz plates P set at the polarizing angle, which 
gave a measured polarization of 86.6 percent, the second pile of plates serving 
to refract the beam back to its original axis so that rotation of the polarizer 
did not throw the beam out of alignment with the collimating diaphragms D. 
The tube was constructed of Pyrex glass with the quartz window W, sealed 
on by a quartz-Pyrex graded seal. The polarized beam passed through a 
system of collimating diaphragms D, the last diaphragm being slightly larger 
than the others to avoid scattering of the main beam. It was at a small posi- 
tive potential with respect to the grid and slit, so that photoelectrons ejected 
from the diaphragm did not enter the faraday cylinder. The light after passing 
through the grid passed through a long tube and out through a quartz window 
W2 which was set at an angle so that the reflected beam was multiply reflected 
a sufficient number of times to prevent it again reaching the grid. The fluo- 
rescence of this quartz window showed the beam to be in good focus through 
the tube. 

Figure 1b shows the arrangement of the potassium boiler and vapor jet. 
The heating coil around the potassium reservoir F: controlled the density of 
the vapor stream, while the furnace F; was kept at a slightly higher tem- 
perature to avoid condensation of the vapor. J; indicates the copper jet in 
which the vapor entered the tube, and this was at a positive potential Va 
with respect to the grid in order to eliminate the emission of electrons. The 
potassium after passing through the grid condensed on the walls of the tube 
and after each run the tube was warmed enough to allow the potassium to run 
back into the reservoir. The tube was cooled by several air blasts, and the 
electrodes were kept cool by conduction through short heavy leads which 
were cooled on the outside of the tube by the air blast. A copper gauze cylin- 
der concentric with the grid and at the potential of the slit was placed inside 
along the walls of the tube for electrostatic shielding. Denoting the potential 
of the grid as zero, slitA was 1.5 volts positive, denoted by V.. Vs was 4.5 
volts positive (to draw the electrons into the faraday cylinder) and V., the 
potential of the faraday cylinder, was 6 volts positive. Va was 3 volts positive 
thereby preventing thermionic emission from the jet reaching the collector. 

RESULTS 

Figure 2 is a plot of the relative number of electrons as ordinates ejected 
at angles with the electric vector given by the abscissas. The curve shows the 
cosine square distribution law, and the crosses represent averages of about 
twelve observations of each setting of the polarizer. The parallel plate polari- 
zer was rotated over a 180° range, taking observations at 30° intervals. The 
abscissa 0° denotes the direction parallel to the electric vector. Assuming the 
validity of the cosine squared law, these observations were corrected for the 
lack of complete polarization of the light, due to the inefficiency of the polar- 
izer and the depolarization of the quartz window, leading to the circles. It is 
seen that the corrected points fall fairly well along the cosine-squared curve. 
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The photoelectric currents for the 0° setting of the polarizer were of the order 
of magnitude of 10-' amperes. 


ERRORS 


There remains after correction of the observations a small residual re- 
corded emission of electrons at right angles to the electric vector. This is of 
importance for if it is real it means that the cosine-squared law does not hold. 
There are four paramount sources of experimental error which could be re- 
sponsible for the observed effect at 90°. 

First there is the possibility of a small photoelectric emission by scattered 
light from the electrodes. The diaphragming of the light was, however, so 
carefully arranged that no emission at all was observed before vapor entered 
the tube or after the jet of vapor was cut off. The routine preliminary proce- 
dure before each run was to make certain that there was no photo-emission 
before the potassium reservoir was heated, then the vapor pressure was raised 
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Fig. 2. The relative numbers of photoelectrons ejected at various angles relative to the 
electric vector. The crosses represent experimental data. The circles represent data corrected 
for lack of complete polarization of the light. The curve represents the cosine squared distri- 
bution. 


to a point where there was a measurable photo-effect, and next it was es- 
tablished that the photo-effect fell to zero when the jet was cut off. These con- 
trol observations practically eliminated this source of spurious effects from 
consideration, Secondary electrons such as photoelectrons reflected from the 
grid and slits, however, remain as an unknown factor which might have been 
great enough to contribute appreciably to the observations. 

The error introduced by the finite width of the slit and the accelerating 
potential of 1.5 volts between the grid and slit was quite inappreciable. The 
earth’s magnetic field was not balanced out for the curvature of the paths of 
the photoelectrons produced by this field was of the order of magnitude of 10 
cm and therefore not a serious source of systematic error. Because of the 
continuous distillation of potassium on the electrodes contact electromotive 
force fields undoubtedly were very small. 
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Perhaps the greatest source of error was introduced by the scattering of 
the electrons in the vapor. From the temperature of the molten potassium 
and the geometry of the jet orifice and electrodes an estimate of the vapor 
pressure of the jet in the region of ionization gave the value of 0.002 mm of 
mercury pressure. Using Brode’st data on the mean free paths of 0.7 volt 
electrons in potassium vapor it was accordingly calculated that in the present 
experiments the probability of a scattering collision of a photoelectron formed 
in the jet on passing to the slit was of the order of magnitude of one-half. 
Because small angle scattering® is greater than scattering at large angles it 
therefore appears that this is a quite appreciable source of systematic error 
and indeed is very probably responsible for the observed emission at right 
angles to the electric vector. 

DISCUSSION 

The wave-length dependence of the photo-ionization of potassium vapor 
is anomalous in the respect that it does not decrease monotonically to shorter 
wave-lengths beyond the series limit as is the case in caesium and rubidium.*:’ 
The possibility has been suggested! that this anomalous behavior is ascribable 
to a large amount of molecular ionization, and indeed some rather good argu- 
ments have been adduced in favor of this hypothesis.’ It appears, however, 
that a general consideration of all the evidence, particularly that obtained in 
most recent work,’ indicates that the observed photo-ionization of potassium 
vapor is really that of the potassium atom. 

The present experiments have a bearing on this question for it is to be ex- 
pected that the cosine-squared angular distribution of the photoelectrons 
about the electric vector will hold only for a spherically symmetrical atomic 
system. Professor J. R. Oppenheimer has kindly informed the writer that he 
has estimated that the emission perpendicular to the electric vector would be 
of the order of magnitude of one-third that in direction of the electric vector 
if the emission were from potassium molecules. The fact that the present 
experiments have yielded much less than this amount therefore may be re- 
garded as further evidence that the potassium atom is responsible for the 
observed effects. 

The writer is indebted to the General Electric Company for a photoelectric 
cell used in calibrating the polarizer and to the Committee-on-Grants-in-Aid 
of the National Research Council for the quartz-fluorite lens used in the 
present work. 

In conclusion the writer wishes to acknowledge a great indebtedness to 
Professor E. O. Lawrence who suggested the problem and gave many sug- 
gestions which made possible the success of this work. 
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ABSTRACT 

A description is given of the apparatus and methods used in a photographic in- 
vestigation of absorption coefficients for the Aa line of the carbon (\=44.6A) in 
different gases and in gold leaf. The mass absorption coefficients, «,/p, found were as 
follows: He, 3600: COs, 4780: Ne, 3850: Os, 5765: Ne, 13100: A, 45700: Kr, 31800: 
Xe, 6740: Au, 12500. Some of the atomic absorption coefficients (ue) derived from 
these values on the assumption that the absorption is independent of chemical combi- 
nation are as follows: C, 0.44 107!": N, 0.89 107'9: O, 1.52107": Ne, 4.36107": 
The wave-length of the Ka line of carbon lies between the A and L; absorption 
limits of these elements. The values of log «2 when plotted against log Z fall upon a 
straight line whose slope is 4.4. Hence in this wave-length region this should be the 
value of p in the equation 7, = CA"Z?, provided that \q <\ <A 1. The results of extrapo- 
lating current x-ray formulas to this wave-length are given and the values of ue so ob- 
tained are, in general, considerably too large. Since the exponent of Z in the above 
equation is found experimentally to be as large or larger than in the case of ordinary 
x-rays it appears that the proper exponent of \ may be considerably less than 3. 


INTRODUCTION 


HIS investigation was undertaken to determine absorption coefficients 

for soft x-rays over as great a range of wave-lengths and absorbing ele- 
ments as might be possible with the use of ruled gratings to isolate single 
wave-lengths and a photographic method to measure intensities. The present 
report deals only with data obtained with the use of one wave-length, that of 
the Ka line of carbon (44.6A). As will be shown in a following paper the re- 
flecting power of a mirror for these rays is intimately related to the absorption 
of the radiation by the mirror. Hence it was necessary first to investigate the 
laws of absorption applicable to such soft x-rays in order to determine the 
exact role played by absorption in modifying the intensity of reflection of x- 
rays from mirrors and gratings. 

The x-ray absorption coefficient of an atom of any element is usually 
considered to consist of two terms as may be expressed in the following equa- 
tion, Mda=Tat@a in which yp, is the total atomic absorption coefficient and 
T, and o, are the atomic fluorescence and scattering absorption coefficients 
respectively. For radiations longer than 1A, o, becomes quite small in com- 
parison to Ta. 

In the case of ordinary x-rays the atomic fluorescence absorption coeffi- 
cient was early found to be very well represented by the formula tT, = CA"Z? in 
which C is a constant depending upon the absorption region considered, A the 


1238 

















ABSORPTION OF Ka LINE OF CARBON 1239 


wave-length and Z the atomic number. For wave-lengths less than 1A the 
values of the exponents » and p are very nearly 3 and 4 respectively. For 
longer wave-lengths there is considerable evidence that nm decreases and p 
increases with increasing wave-length. A number of methods have been pro- 
posed for theoretically evaluating the above constants. These will not be dis- 
cussed here. From a consideration of experimental data, Richtmyer and War- 
burton! found empirically the values, C = 2.24 10-* for wave-lengths shorter 
than the K limit and C=0.33 X 10~* for those between the K and L, limits, 
n and p being taken as 3 and 4 respectively and \ expressed in Angstrom 
units. Allen? with data extending in some instances to 4A found the corre- 
sponding values of C to be 2.18X10-** and 0.299 x 10~-** respectively while 
reducing the value of » to 2.92. Gray* summarized the existing data and pro- 
posed a more complicated formula for the K region, namely: 


te = 1.92(1 + 0.008Z)(1 — d/4Xx — d/50AK2)Z4A3 K 10-28, 


The factors in parenthesis are introduced empirically to compensate for the 
reduction found in » with increasing wave-length. Between the K and L, 
absorption limits Gray finds the simpler formula 7, =0.255Z*?-? x 10-6, 

An important investigation by Jénsson* extended absorption measure- 
ments for some metals to nearly 12A. He concluded that the absorption per 
K electron, for all elements, could be represented by the same function, f(ZA) 
of the product of the atomic number and the wave-length. This is made ap- 
plicable to the case of wave-lengths longer than that of the K limit by multi- 
plying f(ZX) by the ratio of the wave-length of the K limit to that of the 
nearest absorption limit having a wave-length greater than that of the ab- 
sorbed radiation. This latter step depends for its justification upon the ex- 
perimental fact as shown by Richtmyer’ that the magnitude of the absorption 
discontinuity at the A limit is very nearly equal to the ratio of the wave- 
length of the Z; limit to that of the K limit. Jénsson tabulates values of f(ZA) 
obtained from experiment for values of ZX between 8 and 790. With the aid of 
these tables one may compute absorption coefficients by Jénsson’s method for 
various elements and wave-lengths provided 8 < ZA < 790. 

Woernle® has investigated the absorption of certain gases for wave-lengths 
ranging from 2.3A to 9.9\ and found some variation from the law proposed 
by Jénsson. His results indicate that the exponent of Z is greater in the L 
than in the K absorption region. 

All of the above formulas were deduced from a consideration of data 
relating to wave-lengths less than 12A and one should not expect them to hold 
for wave-lengths as long as that of the carbon Ka line. Nevertheless, since 
they furnished previous to this investigation about the only means of estimat- 


* Fellow of International Education Board. 

? Richtmyer and Warburton, Phys. Rev. 18, 13 (1921). 
? Allen, Phys. Rev. 27, 266 (1926). 

§ Gray, International Critical Tables 6, 12 (1929), 

4 Jénsson, Dissertation, Uppsala, (1928). 
5 Richtmyer, Phys. Rev. 27, 1 (1926). 

6 Woernle, Ann. d. Physik 5, 475 (1930), 
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ing the order of magnitude of the absorption to be expected, it is of some 
interest to calculate absorption coefficients by the use of these formulas and 
to compare the results with those obtained experimentally. These results are 
given in Table IT. 


APPARATUS AND METIIODS 


A sketch of the apparatus is shown in Fig. 1. A beam of x-rays passed 
upward from the water-cooled x-ray tube X, through the slit S; which was 
covered with a thin film of celluloid, then through the slit S. onto the grating 
G. This was a plane glass grating having 600 lines per mm and gave a very 
intense first “inside order” of the Ka line of carbon when the glancing angle 
of incidence was about 4°40’. The shield S; was so placed as to cut out all 









































Fig. 1. Diagram of apparatus. 


other wave-lengths while letting the Ka line of carbon pass through a narrow 
slit and fall upon the photographic plate P which was carried by the sliding 
plate holder H7. The latter could be given a step-by-step motion across the 
path of the x-ray beam by means of an electromagnet which is not shown in 
the sketch but which could be operated at will by pressing a button outside 
the spectrograph. The apparatus could be opened for adjustments or the 
changing of plates by raising the cylinder C with the aid of the rope and pul- 
ley R. When closed the bottom flange of this cylinder rested on the sulphur- 
free gasket K which made a vacuum tight seal between the cylinder and the 
base plate B. The x-ray tube and spectrograph were evacuated by mercury 
diffusion pumps connected to the outlets O,; and O.. The valve V could be 
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either opened or closed by a ratchet device actuated by another electromag- 
net controlled from outside. 

When in operation the apparatus was used as follows: With the valve V 
open the spectrograph was evacuated to a pressure of about 2X 10- mm Hg. 
Several photographs of the Ka line were then taken with different times of 
exposure. The valve V was then closed and such an amount of gas admitted 
from the gas reservoir GR as was estimated to absorb one half or more of the 
radiation. Several exposures were then made with varying time of exposure. 
These times of exposure were so chosen as to produce blackenings interme- 
diate between the lightest and darkest lines obtained in the vacuum. Pressures 
were measured with the calibrated McLeod gauge J/, which was provided 
with two compression chambers in order to measure a large range of pressures. 
Readings were taken repeatedly during a run to check against pressure 
changes. Finally the valve V was opened, the gas swept out and another series 
of exposures similar to the first were made. 

The power input to the tube was kept constant during a run. Ordinarily a 
current of 22 milliamperes and an effective voltage of 2.7 kv were used. Lines 
of the desired density were usually secured in one to three minutes when the 
chamber was evacuated. This varied somewhat from time to time due to 
variations in the amount of carbon adhering to the target of the x-ray tube, 
but no sudden changes in the intensity of the carbon line were ever noted. 
However, continuous variations of five or ten percent per hour were common. 
It was found that by rubbing a small quantity of stopcock grease on the stem 
supporting the filament of the x-ray tube that some portion of the stem 
would remain at just the right temperature to cause a slow evaporation of 
carbon compounds which would maintain a quite constant amount of carbon 
deposit on the target provided the energy input to the tube did not exceed 
that noted above. 

Eastman x-ray plates and x-ray developer were used, care being taken to 
avoid over-development and to keep the plates rotating while in the developer. 
The densities of the lines were then compared with the aid of a photoelectric 
photometer recently constructed in this laboratory. In this instrument, which 
will be described in more detail elsewhere, a beam of light from a small bulb 
was directed upon a fine slit so placed that the light passing through the slit 
fell upon a potassium hydride photoelectric cell connected to a string electrom- 
eter. The photographic plate was then placed with the film side very close 
to the slit and moved across the beam of light by means of a graduated screw. 
The time for a given reflection of the string of the electrometer was noted 
when the various lines and intervening clear spaces were in front of the slit. 
Repeated measures of the same lines gave variations in electrometer readings 
of much less than one percent. The time required for the electrometer string 
to move a certain number of divisions with a line before the slit minus the 
time for the same deflection with the adjacent clear portion of the plate in 
front of the slit was taken as a measure of the relative density of the line. 

The noble gases used were obtained from the Air Reduction Sales Com- 
pany and were guaranteed to be spectroscopically pure. This was verified by 
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tests with a small direct vision spectroscope which gave no evidence of lines 
other than those belonging to the gas in question. Carbon dioxide was ob- 
tained by heating magnesium carbonate, nitrogen by heating sodium azide 
and oxygen by the electrolysis of barium hydroxide. These gases were dried 
by phosphorus pentoxide. Such gases as would not be condensed were further 
purified by passing through a liquid air trap. For those of higher boiling points 
carbon dioxide snow in acetone was used to cool the trap. The data for gold 
were obtained with the use of gold leaf. The thickness of the latter was deter- 
mined by weighing. 


RESULTS AND CALCULATIONS 


The mass absorption coefficients were determined from the equation 
I/Io=e~!”°? in which x is the length of path through the gas from the cellu- 
loid window on the slit S; to the photographic plate. This distance was 57.7 
cm. The density p, was computed from the density at standard conditions 
and the experimental values of temperature and pressure. 

The ratio 7/ZJ) was obtained from the photographic density measure- 
ments and the times of exposure of the lines with and without gas in the 
chamber. Several methods of determining this ratio from density measure- 
ments were tried. In one method four lines having different exposure-times 
were photographed near one end of the plate with the chamber evacuated, 
followed by seven lines through the gas, the latter exposure-times being 
lengthened to give densities intermediate between the extremes of those ob- 
tained without gas in the chamber. The chamber was then again evacuated 
and the first four lines repeated on the other end of the plate. Curves were 
drawn with the photometer densities of the lines in vacuum plotted against 
exposure-time. In case the curves obtained at the beginning and end of the 
run were not identical, the densities of the lines through the gas were cor- 
rected on the assumption that the radiation from the tube had varied uniform- 
ly in intensity throughout the time of the complete operation. The time which 
would have been required in vacuum to produce a blackening equal to that of 
any line through the gas could be read from these curves. The ratio of this 
time to the actual exposure time of the line through the gas is, from the reci- 
procity law, the desired ratio of intensities, 7/Jo. Each line taken through the 
gas thus gave a measure of this ratio. 

In some cases in which a sufficient number of lines in vacuum had not been 
secured to give a suitable curve of blackening against time, auxiliary plates 
with variable time of exposure were taken and curves of blackening against 
exposure-time were drawn for each of these. Let 7°, be the exposure time of a 
line in vacuum and 7°,, the time to produce the same blackening on the aux- 
iliary plate. Also let 7, be the exposure time of a line in gas and 7, the time 
to produce the same blackening on the auxiliary plate. Then 
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Experience showed that the two methods led to identically the same result 
when the average of a considerable number of comparisons were taken. 
The results of these measurements are summarized in Table I. The large 


number of observations taken in some cases reduced the mathematical prob- 
able error but the actual error is perhaps considerably larger. This comes from 


TABLE I, Mass, molecular and atomic absorption coefficients of the carbon Ka line in various gases 


and gold leaf. 








Number of 


Percent 





Absorber u/p Hm X10" Ha X 1019 observations probable error 
He 3600 0.238 104 1.0 
CO, 4780 3.49 23 1.4 
Ne 3850 1.78 20 1.0 
O, 5765 3.05 14 2.8 
Ne 13100 4.36 84 0.8 
A 45700 30.1 52 0.6 
Kr 31800 43.4 112 0.5 
Xe 6740 14.5 139 1.0 
Au 12500 40.7 5 10. 
Air 5350 76 
* 0.44 
N 0.89 
O 1.52 











the fact that not all of the variations are due to chance errors. The absorption 
coefficient for carbon is derived from that of carbon dioxide on the assumption 
that absorption is independent of chemical combination. This assumption 
appears justified when we consider the relatively enormous effect of atomic 


2.0 


























O.Sq7 08 10 
lo 8 Y 


Fig. 2. 


number as contrasted with the number of electrons in a molecule. For exam- 
ple, the absorption by an atom of neon with 10 electrons is considerably 
greater than that of a molecule of carbon dioxide with 22 electrons. Fig. 2 
shows the logarithm of atomic absorption coefficient plotted against loga- 
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rithm of atomic number for the elements carbon, nitrogen, oxygen and neon. 
The straight line thus obtained indicates that yw, is a function of the atomic 
number only, or that its dependence upon any other factor is relatively small, 
since the atomic absorption coefficients derived from measurements on mole- 
cules of COs, N2, O2 and atoms of Ne are thus shown to be proportional to the 
atomic number raised to the same power. Some measures of the absorption of 
sulphur dioxide were made. When corrected for the probable impurity the 
gas was found later to contain, the value of uw. so obtained for sulphur agreed 
fairly well with a continuation of the straight line of Fig. 2 and strengthened 
our conviction that this line represents the true law of absorption for this 
wave-length in the elements from carbon to sulphur. However it was thought 
best to repeat these measures with other samples of gas before publication of 
final values for the absorption of sulphur. 

From the slope and intercepts of the line of Fig. 2 the following formula 
for the atomic absorption coefficient of an element in which Ax <44.6A <A1z,; 
is easily deduced. 


Ma = 1.65244 XK 1078, 


This equation may then be used to determine the absorption coefficients of 
the other elements in this region of atomic number. 

The experimental values of the absorption coefficients for the elements in- 
vestigated are given in Table I. Except for the elements represented in Fig. 2 
these all fall in different absorption regions. It may be noted that the mass 
absorption coefficient of argon is greater than that of krypton, xenon or gold 
while the absorption by an atom of krypton is greater than that of any other 
atom in the list. This is readily explained by the fact that with increasing 
atomic number of the absorber the K, L, JJ and N absorption limits pass in 
turn to the high frequency side of the incident radiation and the electrons 
belonging to these levels cease to absorb. Nevertheless this decrease is, per- 
haps, more than might be expected. For example, in the case of an atom of 
xenon there remain 26 electrons with natural frequencies less than that of the 
incident radiation yet these absorb only about one half as much as the 14 
electrons in an argon atom whose natural frequencies are such as to permit 
absorption. 


CONCLUSIONS 


The experimental results indicate a probable value of 4.4 for p in the equa- 
tion Tz = CA"Z? when it is applied to the Z absorption region of the absorbing 
element and to wave-lengths in the neighborhood of the Ka line of carbon. 
A value of ” cannot be deduced directly, since only one wave-length was 
investigated. Nevertheless there is indirect evidence that m for this region 
may be considerably less than 3. It may be noted that the values of 7, listed 
in Table II which are computed from the formulas of Richtmyer and War- 
burton, Allen, and Gray are considerably too large. This indicates that either 
C or n or both have smaller values in this soft x-ray tegion than is the case for 
ordinary x-rays. The numerical value of CX" for some of these elements has 
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TABLE II. Experimental and calculated values of atomic absorption coefficients for the Ka line of 
carbon, tq should equal jg at this wave-length. 














Ha X 10'° Ta X 1019 Te X10" Ta X 1019 Ta X 1019 
Absorber Experimental Richtmyer Allen Gray Jénsson 
and 
Warburton 
He 0.238 3.2 2.28 2.7 0.19 
Cc 0.44 3.8 2.54 0.94 1.05 
N 0.89 7.0 4.7 1.74 1.44 
O iF. 11.9 8.0 2.97 1.61 
Ne 4.36 29.3 19.6 7.24 2.63 








been shown experimentally to be 1.65 X 10-**. If we assume a value of C equal 
to that of the Richtmyer and Warburton formula we obtain m = 2.24. With 
the values of C taken from the formulas of Allen and Gray we find n =2.27 
and m=2.31 respectively. This does not yield a trustworthy value of m since 
the value of C is quite uncertain. In fact we do not know that an equation of 
the assumed form can represent absorption coefficients in this region. On the 
other hand the method of Jénsson is shown to lead to values of the right 
order of magnitude. This appears at first somewhat difficult to understand, 
since his assumption that the absorption is a function of \Z is equivalent to 
assuming that the exponents of \ and Z are the same. If, however, the expo- 
nent of Z increases and the exponent of \ decreases with increase of \ at such 
rates that the changes in one approximately compensate for the changes in 
the other, it would be possible to secure an apparent but quite fortuitous 
agreement with experiment by assuming the absorption to be a function of 
\Z raised to some intermediate power. In view of the fact that all investiga- 
tions indicate that the exponent of Z is always greater than the exponent of A 
and also that this difference probably increases with increase of wave-length, 
it seems probable that the results achieved by Jénsson’s method are to be 
explained in this way. 

It is planned to continue this investigation with the use of other wave- 
lengths in an endeavor to find the law relating absorption to wave-length in 
this region and to test further the dependence of absorption upon atomic 
number. 

Note ADDED IN PROOF: 


It has been called to the author’s attention that Kurtz’ used the entire 
beam of x-radiation from a carbon target and measured its absorption in 
several of these gases. Substituting his values of the constants in the equation 
T,= CX"2” we obtain 7,=1.7 2'4*X10-*. Considering the uncertainty regard- 
ing the homogeneity of his radiation the results are in remarkable agree- 
ment with those obtained in the present investigations. 


7 Kurtz, Ann, d. Physik 85, 529 (1928). 
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ABSTRACT 

Measurements were made of the ratio of the intensity of the reflected ray tc 
that of the incident ray in the case of the Ae line of carbon reflected from a mirror 
of fused quartz for glancing angles of incidence between 1° 30’ and 8°. The atomic 
absorption coefficients of carbon, nitrogen, oxygen, and neon were experimentally 
determined by the writers as described in the preceding article. This gave the value 
of the oxygen coefticients directly and data from which the atomic absorption co- 
efficient of silicon could be calculated. The linear absorption coefficint, u, of quartz 
was then computed from its density, percentage composition, and the atomic absorp- 
tion coefficients of its constituents. Then from the relation «=\/47, the absorption 
index x, was found to be 1.68 X10~*, The value of 6=1—»” was computed from the 
Drude-Lorentz formula and found to be 4.8 X 10-°, Convenient methods for the calcu- 
lation of the intensity of either the parallel or perpendicular components of the re- 
flected ray are derived from the Fresnel equations relating to absorbing media. A 
curve computed with the above values of 6 and « predicts somewhat higher reflec- 
tivity than found experimentally. Use of the value «=2.5X10~° yields a computed 
curve agreeing well with the experimental one. On the other hand, assuming values 
of 6 other than that given above leads to less satisfactory agreement. 


INTRODUCTION 


HIS investigation was undertaken with the view of measuring the inten- 

sity of soft x-rays reflected at various angles from a mirror and at the 
same time determining, either theoretically or experimentally, the magnitude 
of the index of refraction and the absorption coefficient of the mirror. Know- 
ing the latter two quantities and the curve of reflected intensity plotted 
against glancing angle of incidence it should be possible to learn something 
regarding the precise validity of the extrapolations of classical dispersion 
formulas from the optical to the soft x-ray region. 

Quartz appeared to be one of the most promising materials for investiga- 
tion since it could be highly polished and particularly because the Ka line 
of carbon (A=44.6A), which is one of the most intense and easily obtained 
lines in this region, was so far removed from a critical frequency of either sili- 
con or oxygen that the index of refraction could be computed from classical 
dispersion theories with a great deal of confidence. Hence measurements of 
the intensity of reflection of this line from quartz were made and the results 
briefly noted in a paper read before the American Physical Society.! However 

* Fellow of International Education Board. 

' Dershem and Schein, Phys. Rev. 35, 292 (1930). 
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it was not found possible to secure a film of quartz sufficiently thin to transmit 
a measurable amount of this radiation and permit a direct measure of its 
absorption coefficient. Hence attention was turned to the possibility of meas- 
uring the absorption of this line in gases and determining the law of absorp- 
tion for elements of low atomic number. A description of this work is given in 
the preceding paper. In this way a value of the absorption coefficient of oxy- 
gen was obtained directly and that of silicon was determined from the for- 
mula uw. = 1.65 24.4 10-*% which had been derived from the experimental data 
pertaining to other elements. 
THEORY 

The critical glancing angle of total reflection for hard x-rays is quite 
sharply defined and furnishes a convenient method of measuring indices of 
refraction in this case. However, with increase of wave-length the discon- 
tinuity in reflected intensity at the critical angle becomes less abrupt and 
finally for very soft x-rays entirely disappears. This is due partly to a more 
gradual change in reflected intensity at the critical glancing angle as this 
angle becomes larger, even in the case of substances entirely transparent to 
the radiation. However it is mainly due to an increase of absorption. Hence 
if the index of refraction is to be deduced from an experimental curve of re- 
flected intensity plotted against glancing angle it is necessary to know the 
absorption coefficient and to find, if possible, the value of the index of refrac- 
tion which must be assumed in order to secure agreement between calculated 
and experimental curves. 

A formula for computing the ratio of reflected to incident intensity at 
various angles may be derived in the following manner. In using this formula 
the index of refraction and the index of absorption may be either known or 
assumed. 

Considering first the component with the electric vector perpendicular to 
the plane of polarization, the ratio of the reflected to the incident amplitude 
is given in the following formula of Fresnel,? in which ¢ and r are the angles of 
incidence and refraction measured from the normal. 


R, cos@—necosr 


i aeceiemnennsern « (1) 
E,; cos@¢+ncosr 


By Snell’s law cos r = (1—sin*@,n*)' *. Hence 
R, cos@ — (n? — sin*¢)!? 


E, cos@+ (un? — sin’ ¢)!/? 





Changing to the glancing angle of incidence @, since cos@ = sin 4 
R,  sin@ — [n? — (1 — sin®@) |! 


E,  sin@ + [n? — (1 — sin?) ]!2 
In order to take account of absorption it is necessary to substitute a com- 
plex expression’ for , namely (1—46—ix) in which 1 —6 is the index of refrac- 


2 Cf. Drude, “Theory of Optics” English translation, 282 (1902). 
’ Drude, loc. cit. p. 360 et seq. 
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tion and « the index of absorption. Since 6 and x are small compared to unity 
the squares and products of these quantities may be neglected. Also @ may be 
substituted for sin 8. Making these substitutions and simplifications* 
R, 6 — (0° — 26 — Jix)'? 
—o ; ee (2) 
FE, 0+ (0? — 26 — 2ix)'/? 
Setting 
a — 1b = (0? — 26 — 2ix)!/? (3) 


R, @0—a+t+ib 

E, 0 + a— ib 
Multiplying by the complex conjugate to secure the square of the absolute 
value which is the desired ratio of intensities 





Rs . (6 oe a)? + b* 
_ = 9 ‘ (4) 

E (@+ a)?+ 0? 

Squaring Eq. (3) and separately equating the real and imaginary terms 
a? — >? = @ — 26 (5) 
b=x/a (6) 
Whence 

a? = 3{6? — 26 + [(26 — 6)? + 4x?]1/2}. (7) 


The numerical value of a may now be readily determined by substituting 
the known or assumed values of @, 6 and x in (7). The positive value should be 
chosen for all square roots in the preceding discussion. Equation (6) then 
yields the value of b. The ratio of reflected to incident intensity is then given 
by substituting these values in (4). 

For the case of the parallel component we have 





R, ncos¢—cosr 


E ncos@ + cosr 


Handling this in a similar manner we obtain in place of Eq. (4) the follow- 
ing 


(6 — 250 + a)? + (b + 2x0)? 


a and b have the same values as in the case of the perpendicular component. 

The reflected intensity of the parallel component is slightly less than that 
of the perpendicular component. In the case of the Ka line of carbon re- 
flected from quartz this is negligible for small angles, becoming about 5 per- 
cent at 8°. 


Ey 





3) (9 — 260 — a)? + (b — 2x6)? 


‘ An equation of this form has been given by Prinz, Zeits. f. Physik 47,479 (1928) but 
this is not a final form for numerical calculations. 
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Schén’ has developed a more complicated formula for the parallel com- 
ponent yielding results equivalent to that above. Thibaud‘ has also published 
a formula of essentially the same form as that of Schén. 


APPARATUS 

The principal parts of the apparatus were the same as previously used and 
described by one of the writers’? in an investigation of the reflection of the 
carbon line from glass. However certain mechanical features were added to 
permit direct comparisons of the incident and reflected beams. 

Referring to Fig. 1, X is a water-cooled x-ray tube, the rays from which 
pass through the slits S,; and S. and falling upon the grating G, become spread 
out into a spectrum of which only the inside order of the Ka line may pass 




















Fig. 1. Diagram of apparatus. 


through the shield S; and strike the quartz mirror M. This mirror could be 
turned through small known angles by means of the lever LZ and the screw 7. 
This screw could be turned in small steps by an electromagnetically operated 
ratchet controlled from outside. Another ratchet, operated by an electro- 
magnet, was used to turn the eccentric cone bearing B on which the mirror 
was mounted. The mirror could thus be moved alternately into or out of the 
beam by a one-half turn of the bearing B. In this way a series of exposures of 
the direct and reflected beams could be taken alternately upon the plate P. 
The latter was carried on the plate holder /7 which could be given a step by 
5 Schin, Zeits. f. Physik 58, 165 (1929). 


6 Thibaud, Jour. de Physique 7, 37 (1930). 
7 Dershem, Phys. Rev. 34, 1015 (1929). 
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step transverse motion by means of another electromagnetically operated 
ratchet not shown in the sketch. In this way from 12 to 20 separate exposures 
could be made on one plate. 

The apparatus could be opened or closed by raising or lowering the cylin- 
der C by means of a rope and pulley. A vacuum seal between the cylinder 
and the base plate B; was secured by means of the sulphur free rubber gasket 
K. During operation a vacuum higher than 10-4 mm Hg was maintained by 
means of mercury diffusion pumps connected to the outlets O; and Os. 

RESULTS 

The densities of the lines produced by the reflected and the direct rays 
were compared by photometric measurements and the ratio of their intensi- 
ties determined in the same manner as described in the preceding article on 
absorption coefficients. The experimental points thus obtained are marked 
with circles in Fig. 2. The curves shown in this figure are, however, plotted 
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Fig. 2. 
from values of the ratio of reflected to incident intensity computed from Eq. 
(4). The values of 6 and x to be used were determined in the following way. 

Since the K absorption frequencies of oxygen and silicon are much higher 
and their L absorption frequencies much lower than that of the Ka line of 
carbon, 6 may be computed from the simplified Drude-Lorentz formula, 
6 =e*n/27myv* in which n is the number of electrons per cc having lower natu- 
ral frequencies than that of the incident radiation. In this case the K electrons 
are not considered. One may also use the more extended formula, 6 = e?N/2rm 
=n./v?—v2 in which N is the number of molecules per cc, m, the number of 
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electrons per molecule belonging to the characteristic energy level c and pv, the 
frequency pertaining to this level. The values of 6 obtained from these for- 
mulas do not differ by so much as one percent owing to the fact that the in- 
cident frequency lies approximately midway between the characteristic K 
and L frequencies of oxygen and silicon. For quartz and the carbon line the 
value thus obtained for 6 is 4.8K 10-%. 

The value of « was found from the experimental equation deduced in the 
preceding article on absorption coefficients namely, w.=1.65 Z*4x10-% 
whence yg for silicon is found to be 18.2 X10-!*. This in conjunction with the 
experimental value of uw. for oxygen, 1.52X10-'*, and the density of fused 
quartz, 2.206 gm.cc, yields the value, 1 = 47200 for the linear absorption co- 
efficient of quartz. Then the absorption index x, can be found from the equa- 
tion k=pA/4r = 1.68 X10. 

Curve I of Fig. 2 was computed with the use of the above values of 6 and x. 
This curve lies somewhat above the experimental points. This might be taken 
to indicate that the real value of the absorption coefficient was greater than 
that determined from the work on the absorption of gases. Edwards’ finds 
a similar result when using ordinary x-rays. He suggests that the absorption 
of the surface layer may be greater than that of the mirror as a whole. 

Other values of 6 and « were tried in an endeavor to find the best fit with 
experiment. Curve II in which «=2.5X10~* and 6 has the same value as in 
curve I, gives a very good approximation to the experimental results. In com- 
puting for curve III the values, x =1.68X10-* and 6=4.0X10-* were used. 
This curve is distinctly less in accord with the experimental points. These 
curves and many others that were computed but not shown in the figure indi- 
cate that the value of 6 computed from the dispersion formula is very nearly 
the correct one but that the effective value of the absorption index is about 
fifty percent higher than that determined from absorption measurements in 
gases. There is also the possibility that surface films or a lack of perfect 
smoothness have reduced the reflected intensity in much the same manner 
as would be the case if the absorption were really greater than the value de- 
duced from experiment. The question might also be raised as to whether, or 
not, the true value of the absorption index may be thus obtained from the 
absorption coefficient. It is perhaps rather, to be considered remarkable that 
theories and formulas developed for the optical region before anything was 
known of x-rays or quantum absorption phenomena should yield results so 
nearly in accord with experiment when extended to this region where the 
wave-lengths are one hundred times smaller and the requirement of surface 
smoothness presumably so much more exacting. This work is to be continued 
with some changes in technique which it is hoped will somewhat increase the 
accuracy of measurement. Also other wave-lengths and other mirrors will be 
employed. 

In conclusion we wish to express our appreciation to Professor A. H. 
Compton for his cordial interest and support throughout this investigation 
and the preceding one on the absorption of gases, and to thank the Inter- 
national Education Board for the award of a fellowship which made it possi- 
ble for one of us (M.S.) to engage in the study of these problems. 

8 Edwards, Phys. Rev. 37, 339 (1931). 
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A DIRECT MEASUREMENT OF THE INTENSITY VARIATIONS 
OF THE HELIUM LINES WITH VOLTAGE 


By JoserpH RAZEK 
RANDAL MorGAN LABORATORY OF Puysics, UNIVERSITY OF PENNSYLVANIA 


(Received April 6, 1931) 


ABSTRACT 

The intensity variations with voltage of some of the brighter lines of the low 
voltage helium arc spectrum were determined by means of a recently developed 
photoelectric spectrophotometer. The radiation was developed in a copper ball, 20 cm 
in diameter. The equipotential cathode and grid from a commercial three-electrode 
tube formed the internal structure, the sphere itself being the anode. This arrangment 
gave an extremely bright spectrum, even at the striking voltage, with a relatively low 
current density in the space. The results on 5016 (1':S—2'P) and on 6678 (1'P —2!D) 
were generally smooth curves. Lines 4026 (185P—4°PD), 4471 (1°P—33D), and 5876 
(18P — 28D), show a region of constant intensity with arc voltages from 27 to 35 volts, 
thereafter increasing smoothly. Line 4713 (1°P —3°S) shows definite maxima near the 
critical exciting potentials. The accurate linear relationship between the intensity of 
the light admitted to the photoelectric cell and the amplified output of the photo- 
electric cell was established by a separate experiment. For the measurements on the 
spectrum lines, every intensity measurement was referred to a standard lamp oper- 
ated at a constant resistance. The absence of oscillations in the arc current was shown 
by a vacuum tube voltmeter. 


INTRODUCTION 


eesti of the intensity variations of spectrum lines as a function 
of the excitation voltage is of considerable importance in certain the- 
oretical discussions in spectroscopy. It has been customary to obtain this 
knowledge by photographing the spectrum repeatedly, each exposure being 
made at a definite voltage, and all other variables kept as nearly constant as 
possible. The intensity of the lines was then determined by means of some 
form of densitometer.!:?:*4 Although this method has yielded valuable results 
nevertheless many difficulties and sources of error are involved. The photo- 
graphic method is very time-consuming and many exposures must be made 
to get a sufficient number of points to plot a curve. Since the exposures are 
frequently very long, it is difficult to keep all the are conditions constant. 
Furthermore, the relation between the actual light intensity and the resultant 
blackening of the plate is always subject to uncertainty, since it is influenced 
by many factors difficult to control. The various densitometers at present 
available are quite satisfactory, and so they introduce no source of error as 
important as the others mentioned. 


' Hughes and Lowe, Proc. Royal Soc. Al04, 480 (1923). 
* Bazzoni and Lay, Phys. Rev. 23, 327 (1924). 

5 Cornog, Phys. Rev. 32, 746 (1928). 

* Harrison, J.0.S.A. and R.S.I. 19, 267 (1929). 
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For reasons above mentioned, a direct method for determining line inten- 
sities is desirable. The property of a photoelectric cell of translating light 
values into electrical quantities is at once suggested. However, when a photo- 
electric cell is used, it is found that the currents resulting from the very small 
amount of energy in a given line, are so feeble that they must be read with an 
electrometer,’ or amplified by means of some form of vacuum tube amplifier. 
The electrometer has the disadvantage of being slow and somewhat difficult 
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Fig. 1. Diagram of spherical low voltage arc discharge tube. 


to keep in constant adjustment. The vacuum tube amplifiers used heretofore 
have employed the usual type of a.c. amplification. The research to be de- 
scribed employed a resistance coupled d.c. bridge grid resistor amplifier.’ * 


DESCRIPTION OF THE SPECTRUM TUBE 


The spectrum tube in which the arc was formed is shown in Fig. 1. The 
tube differs from conventional designs in that the volume in which the dis- 


5 Hulburt, Phys. Rev. 31, 1109 (1928). 

6 Wheeler, Phys. Rev. 33, 114 (1929). 

7 Mulder and Razek, J.0.S.A. and R.S.I. 18, 466 (1929). 
8 Razek and Mulder, J.0.S.A_ and R.S.I. 19, 390 (1929), 
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charge takes place is quite large. The body of the tube was made of spun cop- 
per hemispheres, heavily silvered and polished. The two hemispheres were 
soldered together on an equatorial flange. The vacuum connection was made 
on the pole of one of the hemispheres, while the cathode and grid structures 
were admitted through a tube in the other hemisphere. The arc was observed 
through a slit in the upper hemisphere, over which a tube and glass plate 
were attached. 

The cathode and grid structure were taken from a commercial three elec- 
trode tube, Arcturus type 247. This consists of a heating filament within a 
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Fig. 2. Wiring diagram for low voltage are discharge tube. 














tube on which the active material is placed. A coarse grid is concentric with 
the cathode tube. The usual plate structure was removed, and the metal of 
the hemispheres used instead. 

The tube was wired as shown in Fig. 2. The fact that the filament was en- 
tirely insulated from the cathode made it possible to put all structures within 
the tube, except the cathode, at nearly the potential of the anode. In this way, 
the potential of the entire space within the hemispheres, with the exception 
of the small volume between the cathode and grid, was nearly uniform. The 
filament was heated by means of a storage battery in the usual manner. A 
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center tapped resistance was connected across the filament with the center 
tap connected to the anode through a milliameter. The anode to cathode 
voltage was applied from a potential divider across a bank of batteries, and a 
milliammeter indicated total cathode to anode current. The voltmeter across 
the potential divider indicated the voltage applied to the anode, with the 
slight and constant potential drop in the milliameter and leads. 


DESCRIPTION OF LABORATORY SET-UP 


The tube described was connected to a vacuum system, and after a short 
preliminary treatment to condition the active deposit on the cathode, helium 
gas was admitted to the tube by means of the conventional arrangement of 
bulb and stop-cocks. Due to the presence of the waxed joints, no effort was 
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Fig. 3. Diagram of optical arrangement for determining intensities of spectrum lines 
by means of a photoelectric cell and standard lamp. 


made to degas the metal sphere. Since the actual runs were only of a few hours 
duration at the most, the amount of impurities was very slight. The majority 
of the data for the curves shown was obtained with no trace of mercury or 
hydrogen observable in a direct vision spectroscope. 

The spectroscope, photoelectric cell and amplifier were those of the Razek- 
Mulder color analyzer described elsewhere.’ A diagrammatic sketch of the 
optical arrangement is shown in Fig. 3. Light from the arc is reflected and 
brought to a focus on the slit of the spectroscope by means of a mirror and 
cylindrical lens. After dispersion by means of a prism, the spectrum is re- 
flected by a mirror through the lens of the exit tube on to the slit at the end 


® Mulder and Razek, J.0.S.A. and R.S.I. 20, 155 (1930). 
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of the tube. A slight tilting motion of the mirror moves the spectrum across 
this slit, admitting the selected line to the photoelectric cell. The current re- 
sulting in the photoelectric cell is amplified in a bridge grid resistor ampli- 
fier, and the amplified current noted on a galvanometer.’* 

To provide a standard of intensity, and to correct the readings for the 
slowly changing sensitivity of the amplifier, a calibrating lamp was employed. 
A 6-8 volt automobile headlight bulb was mounted over the 45° mirror. A 
small scratch through the silvered back of the mirror admitted light from this 
bulb into the spectrometer. The light from this bulb could be cut off from the 
spectrometer by means of a bulb-operated camera shutter. In this way it was 
possible to calibrate the sensitivity of the system at a given wave-length 
against the standard lamp. In order to keep the current through the lamp 
constant to a high degree of precision, an arrangement due to Richardson was 
used. This is shown in Fig. 4. The lamp is made one arm of a Wheatstone 
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Fig. 4. Wiring diagram for Richardson bridge for holding standard 
lamp at constant operating resistance. 


bridge, while the arm R, consists of a standard ohm, of a capacity sufficient 
to carry the lamp current without overheating. The arm R; was fixed at 1000 
ohms, and the arm R; was variable. The current through the lamp, and hence 
the resistance at which it was operating was regulated by a bank of rheostats. 
When set up in this manner, the lamp was actually operated at constant re- 
sistance. During the short runs which were necessary to get data on a given 
line, it is safe to assume that the deterioration of the lamp was negligible, 
especially since the lamp currents which gave light intensities of the same 
order of magnitude as the arc, were well below the rated current values. The 
temperature at which the lamp was operated in a given set of readings was 
determined so that the deflection for the standard lamp was approximately 
equal to the maximum deflection due to the line under study. The value of 
R; was then set so that the bridge was balanced when the lamp operated at 
the selected temperature. After this setting was made, the bridge was kept 
balanced by adjusting the rheostats controlling the current through the lamp. 
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The procedure in actual operation was as follows: The tilting mirror in 
the spectrometer is set so that the desired line is admitted to the photoelectric 
cell. The light from the arc is cut off from the spectrometer by interposing a 
shutter in front of the window in the sphere, and the vacuum tube bridge 
balanced to give a zero galvanometer deflection. On opening a shutter in front 
of the sphere, a galvanometer deflection is obtained, which is proportional to 
the light intensity of the line admitted to the cell. The light of the arc is then 
cut off and the shutter in front of the adjusted calibrating lamp opened, 
giving a galvanometer deflection proportional to the light of the standard 
lamp. In this way, every reading for the arc intensity can be referred to the 
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Fig. 5. Intensity variation with arc voltage, helium line 4026 (183P —48D), 


standard with a minimum of delay. This procedure was repeated for various 
arc voltages. 

In this work, the arc current was kept constant by adjusting the tempera- 
ture of the filament as the anode to cathode voltage was raised. Arc currents 
of 30 and 50 milliamperes were used. Currents as high as 300 milliamperes 
could be passed through the arc, with only 25 volts across the anode to 
cathode. The pressure of the helium was about 0.25 mm of mercury. 

Direct light from the filament and cathode was eliminated entirely by 
blanking out the central portion of the glass observation window with a 
diaphragm, and viewing the arc from a slight angle. The effectiveness of this 
procedure was shown by the fact that when the filament was operated at a 
temperature considerably above that used during a run, no deflection of the 
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galvanometer could be observed, even in the red end of the spectrum, with no 
anode voltage on the hemisphere. 

The dispersion of the prism used was small, but since the lines of the 
helium spectrum are spaced rather far apart, no difficulty was experienced in 
making certain that only the desired line was admitted to the photoelectric 
cell. Previous to every group of tests, the wave-length scale was calibrated 
against a mercury arc, and the corrections which must be applied to the wave- 
length scale on the color analyzer were determined. In cases where a bright 
line has a companion, this companion line is so faint in comparison to the 
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Fig. 6. Intensity variation with arc voltage, helium line 5016 (1'S—2'P). 


brighter line that its influence on the photoelectric cell current is entirely 
negligible, or, in any case, the combined effect is obtained. 

The question as to the propriety of taking the deflection of the galvano- 
meter as proportional to the light intensity, is of fundamental importance in 
this work. The linear relationship between the intensity of the light and the 
galvanometer current was determined by using a point source at varying 
distances from a diffusing screen in front of the cell. The relative intensity 
was determined by employing the inverse square law. The galvanometer re- 
sponse was shown to be linear with the light falling on the photoelectric cell 
at least to one tenth of one percent—far above the precision of these tests. 
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DISCUSSION OF RESULTS 


In order to determine whether the direction of the changing arc voltage 
influenced the intensity of the line, the intensity was determined for both in- 
creasing and decreasing voltage. It was found that in every case, the intensity 
at a given voltage was somewhat higher for increasing voltage than for de- 
creasing voltage. This is shown in Figs. 5 and 6, which are the intensity- 
voltage curves for the 4026 and 5016 lines. This effect is independent of the 
time in that the same effect is obtained even when a given operating point is 
approached as rapidly as possible, the intensity being determined by the 
direction of approach. No explanation is offered at this time, but the existence 
of this phenomenon indicates the necessity of controlling the experimental 
procedure so that the voltage always changes in the same direction. 
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Fig. 7. Intensity variation with arc voltage, helium lines 4471 (1°P —3*°D), 5876 (1°P —2°D). 








The remaining curves were all made with the voltage increasing. Since it 
is at times difficult to approach a given operating point without overshooting, 
especially at the higher voltages, the accidental variations in the curves at 
these points may be due to this cause. 

Lines 5026, 4471 and 5876 show a region of nearly constant intensity in 
the region from 27 to 35 volts. This is probably related to the fact that the 
lines have a series relationship, line 4471 being (18P—3*D) and 5876, (1°P 
— 2°D) and line 4026 (18P —4°D). These are shown plotted in Figs. 5 and 7. 

Line 4713 shown in Fig. 8, shows a most unusual behavior. The intensity 


of the line is a maximum, very near to the striking voltage, around 25 volts, 


dropping to almost half value at about 40 volts. From this point the intensity 
rapidly increases to about 53 volts, in the vicinity of the second ionization 
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potential, and thereafter remaining nearly constant. This is consistent with 
the observations of Bazzoni and Lay? and with those of Cornog.’ All observa- 
tions made on this line were generally consistent with these results. 
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Fig. 8. Intensity variation with arc voltage, helium line 4713 (1°P 33S), 


Line 6678, shown in Fig. 9, increases regularly with increasing voltage, 
generally similar to line 5016. 

The results obtained on all these lines were in general agreement with 
those of Bazzoni and Lay,? but inconsistent with those of Hughes and Lowe.' 
The latter used a non-equipotential cathode and a rather long tube of gas. 
The falling off in intensity which they show may be caused by the absorption 
of the radiation by the gas itself. 
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Fig. 9. Intensity variation with arc voltage, helium line 6678 (1!P—2'D). 


The are currents used in this work were quite low. On account of the un- 
usually large volume of the discharge tube, these low currents resulted in 
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extremely low values of current per unit volume. However, since the cathode 
and grid structures were approximately of the same dimensions as those used 
by Bazzoni and Lay? and Cornog,’ the current densities in the vicinity of the 
cathode were comparable. It is desirable that the current densities be kept as 
low as possible to minimize space charge effects, which might have an im- 
portant influence on the effective potential of the arc.'° 

The voltage exciting the arc can differ from that indicated by the volt- 
meter due to several causes. Since the voltage could not be read any closer 
that 0.2 volt, the various differences were negligible if they did not amount to 
that quantity. The voltage drop across the plate milliammeter was only about 
0.05 volts and hence could be neglected. The first ionizing potential for he- 
lium is 24.48 volts, and since the arc struck at 24.5 volts, the contact differ- 
ence of potential at the cathode was negligible. No error was introduced by 
the voltage equivalent to the initial velocity of the electrons leaving the 
cathode since this was operated at a relatively low temperature. Further- 
more, an equipotential cathode was used, and hence there was no voltage 
drop for this element. 

The absence of peak voltages in the arc, due to oscillations was verified by 
an appropriately connected vacuum tube voltmeter. No oscillatory voltages 
as great as 0.2 volt were detected, although the vacuum tube voltmeter could 
readily show these. 

By changing the potential of the center tapped filament return, it was 
possible to change the distribution of the current between the grid plate 
structure and the filament. Under ordinary conditions, about ten percent 
of the current returned through the filament structure. No change in the 
intensity of the lines could be observed, even if half of the current returned 
through the filament structure. This probably showed that the internally 
silvered sphere was quite effective in integrating the light output, and com- 
pletely avoided the difficulties caused by “wandering” of the discharge. 


CONCLUSION 


These results show that the photoelectric spectrophotometer can be used to 
study intensity variations in spectra with a speed and ease of operation 
which tends to minimize many of the difficulties inherent in work of this 
kind. This is especially apparent when it is noted that all the data for a given 
curve can be obtained in about fifteen minutes. The greater light intensity 
possible with the use of a large spherical radiation space overcomes the 
difficulties caused by the feeble light output of the conventional designs of 
low voltage arcs." 

In conclusion, the writer desires to express his appreciation to Dr. C. B. 
Bazzoni, who suggested this problem, and under whose direction and super- 
vision this work was done. The writer is further indebted to his collegue, Mr. 


1 Mott-Smith and Langmuir, Phys. Rev. 28, 727 (1926). 
" Eckart and Compton, Phys. Rev. 24, 97 (1924). 
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Peter J. Mulder, for his collaboration in developing the automatic spectro- 
photometer, and in taking the data here presented.” 


Note added in proof: 

Obviously, the intensity relationships existing between the lines relative 
to one another cannot be deduced from the curves shown. The absolute value 
of the intensity scale unit is different for every line and is determined by the 
wave-length energy curve of the standard lamp, the color response curve of 
the photoelectric cell, and other factors. 


2 Razek and Mulder, Phys. Rev. 35, 1423 (1930). 
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CERTAIN PHOTOELECTRIC PROPERTIES OF GOLD 


By Lioyp W. Morris 
LABORATORY OF Puysics, UNIVERSITY OF WISCONSIN 


(Received April 10, 1931) 


ABSTRACT 
Variations in the photoelectric behavior of a gold filament were studied both 
during an extended outgassing, and later upon reaching a stable condition. 


Changes in photoelectric properties as outgassing proceeded.—Full arc sensi- 
tivity rose quickly in the initial period, then decreased slowly to a stable value. 
Fatigue curves showed a systematic change from a negative fatigue (i.e. a decrease 
in sensitivity with time of standing) at the beginning to a gradually increasing posi- 
tive fatigue which slowly decreased to zero. A shift in long wave limit consistant 
with the change in full arc sensitivity was observed. 


Changes in photoelectric properties produced by increasing temperature. — 
Full arc sensitivity decreased slightly. Individual line sensitivity was studied by 
use of a quartz double monochromator. Lines close to the long wave limit increased 
enormously in sensitivity with temperature, for those more removed this was less 
marked, while below 2350A there was a slight decrease. A shift in long wave limit 
toward the red was observed during the outgassing period and the final fatigueless 
state. During this latter period photo-current per unit light intensity curves estab- 
lished a shift in long wave limit from 2560A to 2610A between temperatures of 20°C 
and 740°C. 


EVERAL studies have been made in this laboratory of the photoelectric 
behavior of thoroughly outgassed metals. This report covers an investi- 
gation of the photoelectric properties of gold with particular reference to: 


1. Variation of full arc sensitivity of the gold filament together with the 
associated change in long wave limit as outgassing proceeds. 

2. A systematic change in fatigue curves with continued outgassing. 

3. Variation of full arc and line sensitivity together with long wave-length 
limit as a function of temperature when the filament is in a “fatigueless” con- 
dition. 


APPARATUS 


The gold samples in the form of U-shaped filaments some 0.03 mm thick 
by 4 mm wide were hung within a molybdenum cylinder which served as the 
collecting electrode. Potential and current leads passed out through a pressed 
seal at the top of the tube. The cylinder was supported from the bottom of the 
Pyrex tube by a double re-entrant seal through which the collector lead 
passed. This insured the longest possible glass path between filament and 
cylinder. As an additional precaution, grounded interior and exterior guard 
rings were placed at the top of the tube between the filament and collector. 
Photo-currents were read upon a Compton quadrant electrometer by using 
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either the rate of charge method or by maintaining a steady deflection by 
means of cupric oxide and glass high resistances. 

The exciting light entered through a quartz window attached to the tube 
by a graded quartz to Pyrex seal. A hole in the side of the cylinder crossed by 
molybdenum wires allowed the light to fall upon the filament. The source of 
light was a vertical type Cooper-Hewitt quartz mercury arc operated at 80 
volts. This was used either directly in front of the window or in connection 
with a Leiss quartz double-monochromator with lens by which the slit image 
was thrown upon the filament. 

In the latter portion of the work this monochromator and arc were 
mounted upon a heavy cast iron base provided with levelling screws, two 
horizontal motions, and one of rotation about a vertical axis. Adjustable 
stops were provided on this latter motion so the monochromator slit image 
could be thrown quickly from the filament to a linear thermopile deep within 
an evacuated brass chamber, the double walls of which were filled with water. 
The beam entered through a quartz window of the same thickness as that on 
the photoelectric tube, thus giving the same optical path in the two cases. 
The dimensions of the slit and pile were such that it was unnecessary to re- 
focus the image when changing from one wave-length to another, further 
assuring exact equivalence throughout a run of the light incident on filament 
and pile. Thermopile readings were taken by means of a Kipp type ZC gal- 
vanometer with a scale distance of 6 meters. 

Pressures were measured by either a McLeod gauge or an ionization 
manometer of the Dushman-Found! type which read to 1X10-$ mm of mer- 
cury. Usual precautions were taken to avoid waxed joints and the only stop- 
cocks were on the low pressure side of the system separated by two liquid air 
traps from the tube. The second trap, nearest the tube, was immersed in 
liquid air, only after the major portion of the outgassing process was com- 
plete. 

The gold from which the filaments were rolled was obtained from the 
Bureau of Standards. Although no analysis was given it was stated to be the 
purest obtainable at any of the government mints. 


PROCEDURE 


The ionization gauge was outgassed and the rest of the vacuum system 
thoroughly torched for a week before the tube was sealed on. During this 
time the molybdenum cylinder was bombarded at a cherry red for 40 hours in 
a separate system. The filament was carefully cleaned with absolute alcohol 
and the tube was then assembled and sealed on to the system with the cylin- 
der at atmospheric pressure for only a short time. 

After initial photoelectric readings were taken the filament was heated by 
gradually increasing currents, with frequent stops to check variations in sen- 
sitivity and associated long wave-length limit. Then the tube was baked for 
100 hours at 470°C, the filament being maintained at a slightly higher tem- 


1 Dushman and Found, Phys. Rev. 23, 734 (1924). 
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perature by a small heating current. During this period the vacuum system 
and mercury columns received frequent and vigorous torchings. The filament 
was then glowed at 600°C to 700°C for many hundreds of hours. Temperatures 
were based on the measured variation of resistance of the gold filament in 
combination with data given by Northrup* on the temperature variation of 
the resistivity of gold. With the placing of liquid air on the second trap pres- 
sures of 1X10~° were reached and maintained throughout the experiment. 

Long wave-length limits were measured in the initial stages by glass filters 
and various organic solutions indicated by Dahm,’ their transmission being 
checked on a quartz spectrograph. Later the monochromator was used, while 
for the last run the monochromator and thermopile arrangement described 
above was employed. In these determinations the electrometer was used with 
rate of charge at from 20,000 to 40,000 mm per volt. 
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Fig. 1. Curve 1. Variation of full-arc sensitivity in arbitrary units as a function of out- 
gassing time. 
Curve 2. Variation of photo-sensitivity with time of standing after heating current 
is stopped expressed in percent of initial sensitivity. 


RESULTS 


The results obtained during the outgassing process are summarized in 
Fig. 1. Curve 1 portrays the change in photoelectric full-are sensitivity with 
increasing time of outgassing. The initial period is pictured on an enlarged 
scale to show better the rapid variation which takes place at first heating. 
The term “outgassing” is used to cover both glowing of the filament at 650°C 
and also baking. In the early stages low filament currents were used and the 


2 Northrup, Jour. Frank. Inst. 177, 287 (1914). 
3’ Dahm, Jour. Opt. Soc. 15, 266 (1927). 
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time scale is adjusted to equalize roughly their unequal heating effects. That 
is, 5 hours with 2 amperes heating current is plotted as one hour for the first 
reading, 20 hours at 3 amperes as 9 hours, etc. 

In the initial stages of outgassing the sensitivity changes gradually after 
the heating current is stopped. This phenomenon, frequently called fatigue, 
is believed to be due to the gas layer being reformed on the surface of the 
metal. Curve 2 shows the behavior of these fatigue curves during outgassing. 
There is a rapid change in sensitivity when the heating current is stopped due 
to the filament cooling. At the end of five minutes this change is negligible, 
however, and the curves shown here are plotted as percent of the deflection 
five minutes after the heating ceases. The Roman numerals on the fatigue 
curves correspond to the time as shown by corresponding numerals on curve 1. 
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Fig. 2. Variation of line sensitivity with temperature expressed in percent 
of sensitivity at room temperature. 





Two things are of interest here. Fatigue curve I which was taken on the 
upward slope of curve 1 shows negative fatigue as would be reasonable to 
expect. The others show a systematic change, rising to a maximum positive 
fatigue in IV and returning to practically zero fatigue in VII. Fatigue curves 
taken with monochromator on individual lines at same time as VII also show 
small fatigue. The pressure at this time was 110-8 mm and the ionization 
gauge showed no difference in pressure with the filament hot or cold, although 
in the earlier stages large changes resulted upon starting the heating currents. 

The change in long wave-length limit observed during the run was con- 
sistent with the variation in the full-arc sensitivity. The long wave limit rose 
rapidly upon outgassing from a value in the neighborhood of 2000A at the 
start to 3200A at the point of greatest sensitivity. From then on it moved 
towards shorter wave-lengths as the full-arc sensitivity decreased. 
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Tests made throughout the outgassing process demonstrated a shift in 
long wave limit towards longer wave-lengths with increasing temperature. 
During intermediate stages determinations made with both absorption cells 
and monochromator were in good agreement and showed a shift of 200A ap- 
proximately linear with temperature between 20°C and 640°C. 

The full-arc deflections were at all times temperature sensitive and showed 
a marked decrease between 550°C and 740°C to a value well below that at 
room temperature. This, of course, represented the integrated result of the 
change in wave-length sensitivity throughout the effective spectrum. The 
results of a study of the variation of the individual line sensitivity with tem- 
perature are given in Fig. 2. 
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Fig. 3. Ratio of photo-current to incident light intensity and its logarithm 
as a function of the wave-length of incident light. 


The double monochromator was used at slit widths of 0.6 mm, compari- 
son tests made with a spectrograph showing the purity obtained to be equi- 
valent to that of a single monochromator using slit widths of 0.2 mm or less. 
Coincident measurement of the line intensities by means of the thermopile 
arrangement mentioned earlier, in connection with the curves in Fig. 2, form 
the basis for the long wave-length determinations shown in Fig. 3. Due to 
difficulty of plotting the points for intermediate temperatures only the curves 
for room temperature and 740° are shown. The omitted points fall in order 
between these extremes and would have yielded a family of curves lying 
within those shown. More recent research in these laboratories on tantalum 
and silver by Cardwell‘ and Winch,’ respectively, have yielded curves of 


* Not yet published. 
§ Winch, Phys. Rev. 37, 1269 (1931). Next paper in this issue. 
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the same general character. In fact, this type of behavior was presaged by 
earlier work of Ives® and Hornbeck’ on potassium. 

The marked increase in sensitivity for the longer wave-length lines (eight- 
fold for 2537 between room temperature and 740°) is to be expected from 
their proximity to the long wave limit which changes with increase in tem- 
perature. That this increase is not due to a change in reflecting power appears 
probable from the results obtained by Winch, mentioned above. He observed 
similar curves for silver and found no change in reflecting power with tem- 
perature for any of the wave-lengths used. It is planned to investigate this 
for gold in future work. 

As for Fig. 3, the observed shift in the long wave-length limit and the ex- 
tended toe of the high temperature curve may be the direct result of the in- 
creased kinetic energy of the conduction electrons. The shape of the curve 
renders an exact determination of the long wave limit difficult. The log-curves 
would yield 2560A cold and 2610A at 740° as probable values. Present ex- 
periments with an arc of extremely high intensity promise to allow the use of 
much smaller slit-widths that may more accurately define these threshold 
values. 

In conclusion, the author wishes to express his indebtedness to Dr. C. E. 
Mendenhall under whose direction the work was done. 


® Ives, J.O.S.A. and R.S.I. 11, 565 (1925). 
7 Hornbeck, Phys. Rev. 24, 631 (1924). 
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ABSTRACT 

Silver is carefully outgassed and its photoelectric properties studied during out- 
gassing and after stable conditions are reached. An outgassing curve is plotted for the 
1200 hours of heat treatment given the silver before final readings were taken. For 
thoroughly outgassed silver curves are plotted showing photoemission as a function 
of temperature for fixed wave-lengths of incident light. These curves show that for 
wave-lengths near the long wave limit there is a marked increase in emission with 
temperature, for wave-lengths farther away there is no change with temperature, and 
for wave-lengths still farther away there is a slight decrease in emission with increase 1 
temperature. Curves for emission per unit of incident light intensity as a function of 
wave-length show that the long wave limit at 600°C is 2700+20A while at room 
temperature it is 2610 +30A. 


HE study of the photoelectric properties of silver was undertaken as a 

part of the general program of this laboratory which includes extensive 
study of the properties of thoroughly outgassed metals. In this laboratory 
the photoelectric properties of iron, cobalt, and tantalum have been studied 
by Cardwell,' molybdenum by Martin,? rhodium by Dixon,’ and gold by 
Morris.4 Previous work of DuBridge,* Warner,’ Kazda,’ and Goetz* dealt 
with platinum, tungsten, mercury, and tin respectively. 

The purpose of this work is to study the variation of the photoelectric 
sensitivity and of the long wave limit of silver during prolonged outgassing, 
to determine the ultimate long wave limit when outgassing ceases and stable 
conditions are reached, and finally to study the effect of temperature on the 
photoelectric characteristics. The reflecting power for various wave-lengths 
of incident light is also studied as a function of temperature to determine its 
possible effect on the observed photo-emission. 

The apparatus was similar to that used by Cardwell! and consisted essen- 
tially of a strip of silver approximately 0.025 mm thick and 3 mm wide sus- 
pended from tungsten seals in the form of a loop inside a molybdenum receiv- 
ing cylinder, the whole being enclosed in a Pyrex tube having a quartz window 


! Cardwell, Proc. Nat. Acad. Sci. 14, 439-445 (1928); 15, 544-551 (1929); work on tanta- 
lum not yet published. 

2 Martin, Phys. Rev. 33, 991-997 (1929). 

’ Dixon, Phys. Rev. 37, 60 (1931). 

4 Morris, Phys. Rev. 37, 1263 (1931). Present Issue of Phys. Rev. 

5 DuBridge, Phys. Rev. 29, 451 (1927). 

® Warner, Proc. Nat. Acad. Sci. 13, 56 (1927). 

7 Kazda, Phys. Rev. 26, 643 (1925). 

8 Goetz, Phys. Rev. 33, 373 (1929). 
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sealed on with a graded quartz to Pyrex seal. The tube was connected through 
two liquid air traps, and a mercury “cut-off” to a water-cooled mercury dif- 
fusion pump backed by a Cenco Hyvac fore-pump. The vacuum system in- 
cluded a McLeod gauge and an ionization gauge of the Dushman and 
Found® type for measuring pressures. Wax or grease vapor was guarded 
against by having the stopcocks and the one wax joint on the opposite side 
of the liquid air traps from the research tube. 

The silver for this study was obtained from the Adam Hilger Co. of Lon- 
don and was 99.99 percent pure containing minute traces of copper, lead, 
manganese, and calcium. 

The photoelectric currents were produced by radiation from a quartz 
mercury arc and were measured by a Compton quadrant electrometer. Re- 
sistances ranging from 107 to 5X10" ohms (depending on size of currents to 
be measured) were shunted across the electrometer quadrants so that the 
“steady deflection” method could be used. 

During the outgassing the undispersed radiation from the arc was used, 
but for the f(A) curves, and for the temperature curves on a fixed wave- 
length, a Bausch and Lomb single monochromator was placed between the 
arc and the specimen. A vacuum thermopile, whose currents were measured 
by a Kipp ZC low resistance galvanometer (sensitivity 6X10-!° amps. per 
mm at a meter) with a two meter scale distance, gave the relative intensities 
of the various incident wave-lengths. The thermopile (when carefully evacu- 
ated) and its galvanometer system showed very good steadiness which made 
the intensity readings reproduce readily. However, even with these conditions 
the fainter lines gave deflections so small that the natural errors of reading 
made the relative errors large in these cases. A study is being made at present 
of means of increasing these deflections so that greater precision can be at- 
tained. Only points which are quite dependable have been plotted in the ac- 
companying curves. 

A careful study of the monochromator was made in the spectral region 
near the long wave limit with results similar to those shown by Goetz,’ but 
with perhaps a little less purity than he shows. The combination of 0.2 mm 
slit-widths for both entrance and exit slits was found to be as narrow as was 
consistent with the accuracy desired from the thermopile readings. The photo- 
current and intensity measurements were taken together in rapid succession 
so that the effect of all arc fluctuations was eliminated. There is much left 
to be desired in obtaining really monochromatic illumination of sufficient 
intensity for photoelectric work. A double monochromator is to be substituted 
for the single monochromator used here as a partial answer to this problem. 
The impurity of the incident light was not sufficient to cause appreciable error 
in the points plotted on the f(A) curves since they are for lines sufficiently 
intense so that the error is small. However this lack of purity did eliminate 
from use certain faint lines near stronger ones so that the number of points 
available for a given f(A) curve was limited. ; 


® Dushman and Found, Phys. Rev. 23, 734 (1924). 
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The temperature of the filament was determined from its resistance. The 
resistance of the filament was measured by measuring the JR drop across it, 
and then the JR drop across a tenth-ohm oil-cooled standard resistance, using 
a Wolff potentiometer for potential measurements. The data for resistance 
as a function of temperature were taken from a paper by Northrup." 

During the initial stages of outgassing the pressures varied from 10-7 to 
10-* mm of Hg but in the latter part, when stable conditions had been reached 
and liquid air was placed on the second trap, the pressures varied only from 
1 to 3X10-* mm of Hg. At this stage no increase in pressure could be detected 
when the filament was heated. 


OUTGASSING PROCEDURE 


The receiving cylinder of the photoelectric tube was carefully outgassed 
before placing it in the tube. It was heated at white heat for six days in an 
auxiliary vacuum system and then transfered to the research tube. The silver 
filament was immediately sealed in place and the whole tube sealed to the 
vacuum system. The cylinder was exposed to the air less than four hours. 
Immediately on obtaining good vacuum conditions the long wave limit of the 
silver was obtained and heating started by a conduction current through the 
filament. The heating was started at a low temperature and increased very 
gradually since metals evaporate much more rapidly when gas-filled." Since 
silver has a rather low melting point it had to be heated at a low temperature 
at all times and treated rather carefully to preserve it during the long out- 
gassing required. 


RESULTS 


Figure 1 shows the outgassing curve. Photoelectric emission due to total 
arc radiation is plotted as ordinate against time of heating as abscissa. The 
temperatures written in along the curve show where the heating current was 
increased thus putting the filament at the temperature indicated. Between the 
temperatures written in it was maintained at the lower temperature of the 
interval. The general shape of this curve is similar to that for gold, cobalt, 
rhodium, and tantalum showing an increase in emission during the initial 
stages of outgassing and a subsequent decrease finally reaching a fixed value 
which is not changed with continued heating. It is interesting to note that the 
high maximum was passed over at 325°C and that increase in temperature 
did not cause the emission again to rise but to decrease to its final stable value. 

After 760 hours of heating of the filament only, the whole tube was baked 
at about 500°C for 6 days at the end of which time the pressure was less than 
10-7 mm of Hg with the furnaces at 500°C. The filament was maintained, dur- 
ing baking, at 100°C or more above the rest of the tube to prevent metallic 
vapors from condensing on it. After removing the furnaces the photo-emission 
was a little below its value before baking, but at the end of about seventy-five 

10 Northrup, Jour. Frank. Inst. 178, 85 (1914). 


™ Cardwell, Proc. Nat. Acad. Sci. 15, 544-555 (1929); Berlinger, Wied. Ann. 33, 289 
(1888). 
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hours of heating at 600°C it had recovered. Two hundred additional hours of 
heating at this temperature did not change the emission showing that stable 
conditions had been reached. This made a total heating time of about 1200 
hours before final readings were taken. The filament was flashed many times 
at over 850°C for short intervals to determine whether higher temperature 
would change its ultimate characteristics, and no change was observed. The 
silver evaporated rapidly at these higher temperatures. 

The long wave limit of the silver specimen was initially in the neighbor- 
hood of 2000A and shifted to the longer waves during the first part of the 
outgassing reaching a value above 3300A at 405 hours where the emission 
was a maximum. It then shifted to the shorter waves as the emission de- 
creased reaching a final value in the vicinity of 2700A when stable conditions 
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Fig. 1. Outgassing curve using full-arc radiation. 


were reached. The long wave limits for various times have been indicated on 
the curve. This trend of long wave limits is in general agreement with what 
one would expect from the shape of the curve in Fig. 1. 

At various times during the heat treatment, “fatigue” curves were taken 
by shutting off the heating current and reading the photo-emission as a func- 
tion of the time of standing. During the initial stages this “fatiguing” caused 
a decrease (never large) of photo-emission but when stable conditions were 
reached no fatigue could be observed during more than an hour of standing. 
It is interesting to note that the fatigue, when it appeared, was always a de- 
crease in photo-current even though the continued outgassing meant a shift 
to smaller photo-currents so that one would expect returning gas to increase 
the sensitivity. This phenomenon has not been explained satisfactorily, but 
has been observed on other metals. 

Readings from this point on were taken using the Bausch and Lomb mono- 
chromator previously discussed. 
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TEMPERATURE CURVES 


Figure 2A shows temperature curves for various wave-lengths of incident 
light while Fig. 3 shows the f(A) curve for 600°C and the one for room tem- 
perature. It is obvious that either set of curves could be plotted from the 
other but both sets were taken independently and repeated many times. 

In Fig. 2A the photo-emission is plotted as a function of the heating cur- 
rent through the filament (hence of temperature) for various wave-lengths of 
incident radiation. The absolute values of the emission represented by these 
curves cannot be compared. The 2537A curve was plotted and then the curves 
for other wave-lengths (except 2652A) translated so that they agree with 
2537A at room temperature. Observed points have been plotted for 2537A 
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Fig. 2. A. Temperature curves for fixed wave-lengths of incident light. B. Reflecting 
power as a function of temperature for 2537A incident light. 


but to save confusion the points on the other curves have not been plotted. 
Observations were taken for both increasing and decreasing currents and 
were reproduced very nicely as indicated by the points plotted. 2652A is not 
effective below about 2.7 amperes heating current hence it has been plotted to 
a different scale. The corresponding temperatures have been written in on 
the heating current scale. 

These curves show an effect which was noted first in gold by Morris‘ and 
later in tantalum by Cardwell,' namely, that for wave-lengths in the neigh- 
borhood of the long wave limit there is an increase in photo-emission with 
temperature, for shorter waves there is no effect produced by temperature, 
and for still shorter waves there is a decrease in photo-emission with increasing 
temperature. This effect is shown best by tantalum, whereas for silver the 
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decrease in emission with increased temperature comes at wave-lengths so 
short that air and quartz absorb some of the incident light and thus make the 
incident intensity very small. The decrease is definite but the slits of the 
monochromator had to be widened until there is considerable doubt as to the 
wave-length at which the decrease began to appear. 

In Fig. 2B is plotted a curve showing that the reflecting power of silver 
for 2537A is independent of temperature up to 600°C. Identical results were 
obtained for 2482A, 2323A, 2259A, and 2200A. These curves were taken by 
reversing the field between the silver filament and the molybdenum receiving 
cylinder so that the filament was charged positively with respect to the cyl- 
inder. The incident radiation had been carefully focused on the silver fila- 
ment. Thus the light which was reflected from the filament and became in this 
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Fig. 3. f(A) curves. 


way incident on the cylinder caused photoelectrons to be emitted. These elec- 
trons were collected on the filament and measured. The reverse photo-current 
would thus be proportional to the reflecting power of the filament, and the 
behavior of this current with respect to temperature would measure any 
change in reflecting power which might occur with change of temperature. 
Since these curves indicate no change in reflecting power, the change in photo- 
emission with temperature cannot be explained on the basis of changing re- 
flecting power. 

The curves in Fig. 3 show the long wave limit at about 600°C to be at 
2700 + 20A while at room temperature the long wave limit is 2610+ 30A. The 
curves for intermediate temperatures lie in between these two but for tem- 
peratures of 200°C or less the curves fall on top of the room temperature 
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curve as nearly as can be determined. This is to be expected from the shape of 
the curves in Fig. 2. From the Einstein photoelectric equation these values of 
the long wave limit make the work function at 600°C equal to 4.56+0.06 
volts and for room temperature 4.73 + 0.07 volts. 

Whereas 2652A is the last point on the 600°C curve, it was determined, 
with an electrometer sensitivity of 8000 mm per volt on rate of charge, that 
2699A was effective but that no line above showed an effect. 


CONCLUSIONS 


There is a definite shift in long wave limit of thoroughly outgassed silver 
with temperature. The shift amounts to about 90A between room tempera- 
ture and 600°C. The temperature curves in Fig. 2 indicate that for wave- 
lengths near the long wave limit there is a marked increase in sensitivity with 
increase in temperature, that wave-lengths farther away show no change with 
temperature, and that wave-lengths still farther away show a decrease in 
emission with increase in temperature. 

The work function of thoroughly outgassed silver is shown to be 4.56 
+0.06 volts at 600°C and 4.73+0.07 volts at room temperature. Work is 
being carried forward to make more accurate determinations of the f(A) 
curves with more nearly monochromatic illumination. 

In conclusion, the writer wishes to acknowledge his indebtedness to Mr. 
W. L. Hole, whose help was invaluable during this work, and to Professor 
C. E. Mendenhall, under whose direction this work was carried out. 
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DEPARTMENT OF Puysics, UNIVERSITY OF MINNESOTA 


(Received March 21, 1931) 


ABSTRACT 

The results arrived at in a preceding paper are generalized for diatomic crystals 
(§$$1, 2, 3). A direct determination of the probability of light absorption in a linear 
lattice leads to the establishment of a selection rule amounting to the law of the con- 
servation of momentum for the light quanta and the “excitation quanta.” This rule 
enables one to explain the linear structure of the spectra of solid bodies at low tempera- 
tures ($4). The preceding results are generalized and applied to a new description of 
the process of light scattering in crystals ($5) and the theory improved by intro- 
ducing the width of the excitation lines and allowing for the damping of the exciting 
light waves. 


1. GENERAL CONSIDERATIONS FOR A DIATOMIC CRYSTAL 


N A previous paper under the same title! I have limited myself to the con- 

sideration of monatomic bodies. The first object of the present note is 
to generalize the above results for the case of a diatomic (binary) crystal; the 
further generalization for a more complicated body will be quite obvious and 
will, therefore, not require special consideration. The main difference be- 
tween a diatomic (or polyatomic) crystal and a simple one consists in the 
fact that the heat motion is realized here not only by elastical vibrations, for 
which the relative positions of the atoms within one molecule are approxi- 
mately constant, the molecule oscillating as a whole, but also by “molecular 
vibrations” which can be visualized as the (distorted) vibrations of the atoms 
constituting the separate molecules, the center of gravity of the latter remain- 
ing approximately at rest. Whereas the elastical vibrations have a practically 
continuous spectrum, extending from »=0 up to a certain maximum fre- 
quency Ymax, the molecular vibrations are usually characterized by one par- 
ticular frequency v., described as the “characteristic ultrared frequency” of 
the crystal and detected by the absorption and reflection of ultrared light 
or the Raman scattering of the ordinary light. 

As a matter of fact there is no sharp distinction between the vibrations 
of both types. This is clearly seen if one considers a simple crystal as a limiting 
case of a diatomic crystal with actually identical atoms of “different sort.” 
Owing to the mutual action of the molecules the vibration frequency vo, char- 
arteristic of an isolated molecule, is split up into a series of » (or 3n, n being 
the total number of molecules in the crystal) frequencies v <1, ¥e2, - - * Yen Which, 
however, usually lie very close to each other and are, therefore, considered 
as a single characteristic frequency v. shifted more or less with respect to vo. 
It must, however, be born in mind that the mutual action of the molecules 


1 Frenkel, Phys. Rev. 37, 17 (1931). 
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in a crystal produces not simply a shift of their characteristic frequency but 
causes it to split up into a number (3) of components, corresponding one 
by one to the various frequencies constituting the elastical spectrum. In fact 
the corresponding vibrations must have in both cases exactly the same wave- 
length. 

The general theory of the oscillations of a compound crystal lattice has 
been developed in great detail by M. Born.? In this theory Born treated the 
electrons and nuclei as capable of vibrating about certain equilibrium posi- 
tions in accordance with the pre-quantum views. We shall have to reserve 
Born’s treatment for the atoms (or ions in a case of an ionic crystal) as wholes, 
the motion of electrons within a single atom being described by specifying 
the quantum state, normal or excited, of the atom, as has been done in the 
preceding paper (1). The localization of the excitation state in a particular 
atom, just as in the case of a simple crystal, does not correspond to a station- 
ary state of the crystal as a whole. Such stationary states are obtained by 
“diluting” the excitation state over all the atoms of the same kind in the form 
of excitation waves. To a first approximation these excitation waves are not 
influenced by the presence of atoms of other kinds (which produce a perturba- 
tion of the second order only). We thus get exactly the same picture of the 
excited states or sub-states in the case of a diatomic crystal as that which has 
been developed before for a simple one. 

In the present case, just as in the former one, the excitation of the crystal 
must entail a slight alteration in its structure, size and vibration frequencies, 
which will provide an indirect coupling between the different heat oscillators 
representing these frequencies. To get the looked for generalization of our 
former theory we need but add to the 3” harmonic heat oscillators represent- 
ing the elastic spectrum, an equal number of oscillators representing the mole- 
cular vibrations. With the same approximation which is implied in assigning 
to all the latter oscillators the same characteristic frequency v. we can deter- 
mine their contribution to the probability of a “deactivation” process by 
means of the Eqs. (32) and (32a) of I. The probability of a radiationless 
transition of a diatomic crystal from some excited state or more exactly “sub- 
state” (2) to the normal state, with the transfer of the excitation energy to p 
molecular oscillators is thus proportional to the pth power of the quantity 


7m N 
pb = — p,(AL)? — (1) 
2h n 


where AL =n-Aé is the measure of the change of the distance between the 
atoms caused by the excitation of the crystal. This quantity must in general 
have different values for the molecular oscillators on the one hand and the 
oscillators representing the elastic vibrations on the other. Further, in the 
former case m is approximately equal to the sum of the masses of the two 
atoms of different kind (m,+m,), whereas in the latter it is given (with the 
same approximation) by the equation 1/m =(1/m.)+(1/m»). 


? Born, ‘““Dynamink der Kristallgitter,” Leipzig, 1915. Atomtheorie des festen Zustandes, 
Leipzig, 1925. 
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2. QUANTITATIVE THEORY OF A UNIDIMENSIONAL MODEL 


For the convenience of the reader we shall briefly sum up here the theory 
of the vibrations of diatomic crystals, replacing the latter for the sake of sim- 
plicity by a one-dimensional model which we shall call a “bar” and which 
consists of atoms a and 0 in alternating order. The consecutive atoms of dif- 
ferent kind may be combined in pairs representing the “molecules.” The dis- 
tance from an atom a to the next } on the right of it 6., may be in general 
different from the distance 5,, from } to the next a atom in the same direction 
(Fig. 1). The sum 6.5+65.= 5 will represent the lattice constant; the smaller 
of the two distances 6,, and 6,, if they are different can be considered as cor- 
responding to that pair of atoms which actually forms a molecule. Denoting 


Sab Sha 
te >> 
a b a b a b 
k-1 k k+1 
Fig. 1. 


the displacements of the atoms forming the kth molecule from their equi- 
librium positions with u; and v;, respectively (we shall consider longitudinal 
displacements only) we can represent the potential energy of the whole sys- 
tem by the expression 


U’ = U — U9 = 4 Yoaggy + Doce + 4 Dodaverr (2) 
kl kl 


and write the equations of motion in the form 








duty 

— Ma = Yawit+ Lda 
dt? l 1 
d*v, 

— ms = Venw + Doce 
dt? I l 


In case of an unlimited bar (k, / varying from — © to +) these equations 
admit the solution 


representing waves of frequency v=w/27m and length \ = 276/p travelling in 
a definite direction with the velocity w=w6/p. Substituting these expressions 
in the preceding equations and taking into account the fact that the coeffi- 
cients @n1, Dn, and Cy: depend only upon the difference /—n of the two indices, 
we get the following two equations for the (complex) amplitudes A and B: 


(4) 


Aa, + Bey = Amw* \ 
Ac,* + Bb, = Bmw? 
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where 


a, = Dd 2oe*", ly 
t 


do doie?, 
l 


Cp = Docoe!”!, cy* = Dice’?! = Docoe-ir'. 
l i 


(5) 


Equating the determinant of (4) to zero, we obtain the following equation for 
the frequency 


(ap — mqw?)(b, — myw*) = Cyc," 


2 * 71/2 
ot = (24+) 4 [(F- 2) 4] (6) 
2 \m mM, 4\m m, MaM»s 
It can be easily shown that the negative sign corresponds to the elastical 


vibrations and the positive to molecular vibrations. The corresponding ratios 
of the amplitudes A and B are: 


1 /a b 1 /a bs\?  CgCy* 1'/2 c 
pirat - (2-2) ¢[— (72-2) 4 “| t——-> e) 
2 \m mM 4 \mN m MM b Ma 
If the difference (a,/m.) —(b»/ms) is very small in regard to |c >| (m.m»)"? this 
equation reduces to 


my\'/2 | cy | _ fm \*? 
Bt:At = + (“) = | |= ’ 
Ma Se» Me 


if one takes into account that the coefficient c must in this case be real and 
negative. This result corresponds to the usual approximation implying that in 
the case of molecular oscillations the atoms belonging to the same molecule 
are vibrating with opposite phases. The frequency of these vibrations is ap- 


proximately given by 
ot = i (= + -*) + lel 
2 Wig ms (mi my,)*!? 


and is considered to be independent of the “wave number” p(or p6/27), which 
of course is a quite unjustified assumption. 

In the case of an unlimited bar the number / remains arbitrary. It the 
bar consists of » molecules, then p can have only the following series of values 
0, 2x/n, (20/n)-2, - - - (2x/n)-(n—1). Of course, running waves of opposite 
directions and of the same length (corresponding to ~:+2=27) have to be 
combined in this case with the same (or rather conjugate complex) amplitude 
into standing waves. 

The normal co-ordinates £ are connected with the displacements ux, v% by 
means of the equations 


whence 
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Det »” s &,-A ms )eiPk) ) 


Uy, = | 

. ; ; (7) 
ve = Do(tptByt + Ep B, ei” 

P 


where A ,,*, B,* denote the normalized solutions of the Eqs. (4). Solving (7) 
with respect to the & we get 


£,* = )o(uA,pt* + 0, B,t*)e-i”*. (7a) 


k 


a 


The co-ordinates £,*+ refer to the “molecular” and £,~ to the “elastical” vi- 
brations.® 

The expression (2) represents the change of the potential energy of the 
bar due to the displacement of the atoms. The value of this energy in the 
equilibrium state Uy as well as the equilibrium distances 6,, and 6,, are de- 
termined from the conditions 








OL’ Ol’ 
= (0 = 0 


Oba 06 ba 


Now the energy U, is slightly different for an excited and a non-excited bar; 
the same must therefore be true with respect to the distances 6., and 4 ou. 
The corresponding changes in the normal co-ordinates can be determined in 
the same way as in the case of a monatomic crystal, namely, putting 
u,=k-Adb and v9, =k-Ab+A56,, in (7a). We shall thus get values! of the same 
order of magnitude both for Ag+ and Aé-. In view, however, of the greater 
frequency in the “molecular” vibrations, their role in the deactivation transi- 
tions may be expected to be more important than that of the elastic vibra- 
tions according to (S). The increase of frequency is partially reduced, at least 
for comparatively low temperatures, by the decrease of the average quantum 
number NV (it must be born in mind that the latter refers not to the initial 
but to the final state, so that in the initial state V can be equal to 0, the cor- 
responding vibrations appearing only after the transition). 

We shall illustrate the above results by considering the special case 
640 =6y.=36 (model of a symmetrical crystal of the NaCl type). We shall 
further neglect the forces between all but the next atoms (which are assumed 
to be different) and write accordingly the potential energy U’ in the form 


U' = eiCr — a)? + (me — de-1)? + (tags — v4)? ] 
k 


which gives through comparison with (2) 
ak: = bux = 2/, ts * Cons * — f 
all the other coefficients a, b, c vanishing. 


3 If we wish to deal with standing waves instead of running ones, the factor e**»* in the 
above formula has to be replaced by cos pk. 














=r, 
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We thus get, according to (5) 

Pp 
a, = bp = 2f, cp = — f(1 + e*”), cpc,* = 2P(1 + cos p) = 2F cos? > 


whence with the abbreviations 1/u=(1/m,)+(1/m,) and m=m,+my,: 


4 V2 
wt = (1 + E - sine =| ). 
m m 2 


For small values of p, that is for large wave-lengths \ = 276 /p, this reduces to 


(Ey ay" p 
Wy ={[—_— eo. =| — — 
m ; m 2 


the latter expression corresponding to a velocity of propagation 


oh ( f )" 
w= — = 6{ — 
2r 2m 


independent of A. As the wave-length decreases, w_ increases and w, de- 
creases. For the shortest wave-length corresponding to p=7 we have 


f Ay\ 1/2 A4u\ 1/2 
W; o,, - (1 + (1 -_ ~) ), a ats “(1 a (1 aa ~) ). 
m m m m 


In the particular case m,=m,» when the atoms a and b can be considered as 
identical, these two limits coincide (since 44=m) and the two spectra, the 
molecular and the elastical, coalesce into one single elastical spectrum de- 
termined by w? =f/u(1 +cos p/2) which is equivalent to the usual formula 
9 2f 4f . p’ 

2 


= — (1 — cos p’) =— sin? 
m m 


w 


with p’ =(27/2n)s, s=0, 1, 2,- + + 2n—1. 


3. MOLECULAR VIBRATIONS AS EXCITATION WAVES 


The opposite limiting case when the two atoms have a very much differ- 
ent mass or when the distance 6,, is different from 6,4 so that the molecular 
structure is more or less preserved within the crystal (represented by our 
“bar”), the molecular oscillations can be treated by a method entirely differ- 
ent from the preceding one (which must be preserved for elastic oscillations) 
and quite similar to that which has been used to describe the motion of the 
electrons within the individual atoms. We can namely describe the state of 
an individual molecule by specifying its vibrational quantum number JN, re- 
ferring to this state as “normal” if VN =0 and “excited” if N>0O. The station- 
ary states of the crystal will be then described by “excitation waves” quite 
analogous to those which were introduced for the description of the elec- 
tronic state. In fact we have but to replace the atoms and electrons of our 
previous theory by molecules and atoms respectively, to get these new “mole- 
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cular” excitation waves. The latter will be represented by functions 


x= DL gion, (8) 
ni 

@, being the product of the oscillator wave functions, Yy for the separate 
molecules, supposed to be all in the normal state V =0 with the exception of 
the kth molecule which may be in a given (Nth) excited state. The excitation 
wave defined by (8) corresponds to the “molecular oscillation wave” of the 
classical theory given above and associated with the normal co-ordinate &,* 
defined by (7a). The quantum number N of the excited molecule defines the 
the amplitude of the oscillations and must coincide with the quantum num- 
ber of the quantized oscillator describing them. The method of the excitation 
waves is nothing but a first approximation given by the perturbation theory 
to the exact quantum treatment which in our case consists in the preliminary 
introduction of the normal co-ordinates and their subsequent quantization 
and which has been used in the preceding section. It may be remarked that 
this method cannot be applied to the “elastic oscillations” because they are 
determined solely by interaction forces, which can be dealt with as perturbing 
forces then only if there are other more powerful forces associated with the 
separate particles (i.e., forces holding the electrons within the atoms, or the 
atoms within the molecules). 

The theory of the excitation waves as developed in I was restricted to the 
simplest special case of the excitation if a single atom. Its application to 
molecular vibrations implies therefore that the excitation is restricted to one 
molecule only. So long, however, as the molecular vibrations are considered 
as strictly harmonic this limitation has no practical significance, a complex ex- 
citation state corresponding to m; molecules having N; quanta, m2 having N2 
quanta and so on being practically equivalent to a simple excitation state 
with one molecule having 7: Ni+”2.N2+ - - - quanta (this multiple excitation 
is of course diluted over all the molecules in the sense that it is not associated 
with a particular molecule, but is, so to say, travelling from one molecule to 
another). 

Applying to molecular vibrations the method of the simple excitation 
waves, one can treat the radiationless transitions of the energy of a crystal 
from molecular vibrations to elastic ones or vice versa (that is the exchange of 
energy between the normal co-ordinates £+ on the one hand and & on the 
other) in exactly the same way, as this has been done above for radiationless 
electronic transitions. In the present case the direct coupling between the 
different elastic oscillations must play a much more important role with re- 
spect to the indirect coupling (provided by the change in structure which is 
produced by molecular vibrations) than in the case of electronic transitions, 
since the energy quantum of the molecular vibrations is not a 100 times but 
at most only 10 times as large as that of the elastic vibrations of maximum 
frequency. 

The transitions of energy between different elastic oscillations (that is be- 
tween different &-) must of course entirely depend on direct coupling only. 
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Such transitions have been studied in detail by R. Peierlst in connection 
with the theory of heat conduction in crystals. 

The treatment of the molecular oscillations by the method of excitation 
waves entails some formal modifications of the theory of the radiationless 
electronic transitions so far as the electronic excitation energy is transformed 
into the molecular excitation energy. 

We shall not stop, however, on this question here, and shall now proceed 
to the investigation of radiation transitions, i.e. transitions accompanied by 
the absorption or emission of light, with a view of introducing an important 
amendment to the results of the last section of I, dealing with such transi- 
tions. 


4, SELECTION RULE FOR TRANSITIONS DUE TO ABSORPTION OF LIGHT; 
ANALYSIS OF THE SPECTRUM OF CRYSTALS AT VERY Low TEMPERATURES 


We shall again confine ourselves, for the beginning, to the case of a mono- 
atomic crystal, represented by a linear model and shall determine the proba- 
bility of the absorption of light propagated in the direction of our “bar.” 

We shall first suppose the light wave to be harmonic (infinitely narrow 
spectal line) and travelling in the same way as if there were no bar, so that 
the electric intensity at a point x along the bar will be represented by 


E = E* cos 2r(vt — ax) (9) 
its value at the &th atom thus being 
E, = E* cos (wt — gk) (9a) 


where w=27v and g=2raé=275/A, X=c/v being the wave-length of the 
light in vacuo. Denoting the electric moment of the / th atom in the direction 
of E (which is of course perpendicular to X) with U;, we get the following ex- 
pression for the perturbation energy: 


70 n 
V =o U (et(al-et) e~i(ql-et) ‘ 10 
5 Ui + ) (10) 
If our bar was initially in the normal electronic state 
xo = xo%e t2zW th 


(xo° being a function of the electron co-ordinates alone) the probability that 
it will be switched to the excited (sub) state xp»=x p°c"#*"?"" without any 
alteration of the vibrational states is determined by the matrix element 


Vo, = J Vroxstar 


where dr =dr,-dr2 - - - dr, is the volume element of the electronic configura- 
tion space (dr, referring to the kth atom). According to (10) and (8) (the 
latter expression holding both for electronic and molecular excitation waves 


4 R. Peierls, Ann. der Physik, 1930. 
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with a corresponding meaning of the functions ¢ and y, see I), this matrix 
element assumes the form 


a 


Vop = —- E ne ZZ Letinsren f U ipod * dr 
l l 


2(n)'/? 


+ gi ne pm Lewran f Ueto 
k l 


where w»,=27(W,—W») hand @o°=xo0°. Now the integral /uido°d,°dr can 
be easily shown to be different from zero in the case only if k =/ (cf. I. p. 20) 
in which case it reduces to 


C°d, 1) = f eae oa ian 


i.e., to the amplitude of the matrix element of the electrical moment of any 
one of the atoms for the normal and the excited state of this atom. 
The preceding expression for Vo, is thus reduced to 


FU, IT) 


Vop = — S| etter > et(ptak 
k 


2(n)i/2 


(11) 


+. ei (w—wop)t > ei(p-a)k | 
k 


We need here only to consider the second term in the bracket for the first 
term will not contribute appreciably to the transition probability in the 
neighborhood of the “resonance condition” w=», or hyv=W,—Wpo. In ad- 
dition to this condition which, from the corpuscular viewpoint is interpreted 
as the equation of the conservation of energy and which would hold just 
as well in the case of a single atom, we have to consider in our case a second 
condition of the same “resonance” type, namely p=gq, which corresponds to 
sharp maximum of the sum >> ,e*’-”*=n (this maximum is sharper the 
larger the number of atoms). This second “resonance” condition can be 
interpreted as the equation of the conservation of momentum if we assume 
that an excitation wave can be associated with an “excitation quantum” simi- 
lar to a light quantum and having a momentum /:/X where J is the corre- 
sponding wave-length. It may be remarked that the energy of this excitation 
quantum whose motion represents the travelling of the excitation through 
the crystal—is not related to the frequency of the excitation wave but is equal 
to the difference between the energy of the excited and normal state. 

The absorption of light by a crystal can be thus visualised from the cor- 
puscular point of view as the transformation of the incident light quantum 
into an excitation quantum having the same energy and momentum. 

From the wave point of view the latter condition amounts simply to the 
equality between the wave-length of the exciting light (276/q) and that of 
the resulting excitation wave (276/p). 
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This condition can be regarded as a kind of “selection rule” reducing the n 
spectral lines corresponding to transitions between the normal state and the 
excited substates, to a single line, for which both the frequency (energy) con- 
dition y= W,— W o/h and the wave-length (momentum) condition Ajignt =Aexe 
are simultaneously satisfied. 

It must be emphasized that the conditions vy=(W,— Wo)/h and Aight = 
Nexe. are not equivalent to each other and actually provide two equations for 
the unambiguous determination of v. We have in fact, according to Eq. (15) 
of part I (for the unidimentional case) 


WV, = Vot2 V, cos p/2 (12) 
whence with the abbreviations (Vp— Wo) /h =a and 2V,/h=86 
v=a+t Bcos p/2 


On the other hand we have Xexc.=276/p or, since Axe. =AMight =C/Y, 
p= (2756/c)v so that finally 


v = a+ 8 cos (x5/c)p (12a) 


This equation has in general only one solution which can be found to a first 
approximation by substituting in the right side of (12a) the “zero approxima- 
tion” vy =a (so long as 8 is small compared with a) which gives 


2réa 
vy 2a + B cos — (12b) 


Cc 


Thus, contrary to the view expressed at the end of I, the absorption spec- 
trum of a crystal so far as transitions from the normal state are concerned 
which are not accompanied by a change of the vibrational state, should not 
consist of continuous bands corresponding to the excitation multiplets, but of 
single lines corresponding one to one to the absorption lines of an isolated 
atom. 

This result provides an explanation of the remarkable phenomenon re- 
ferred to in I, that the absorption spectra of solid bodies which at ordinary 
temperatures consist of continuous bands, at very low (liquid hydrogen 
or liquid helium) temperatures become more or less linear, as those of 
gases. 

In fact the band structure of these spectra at ordinary temperatures must 
be attributed entirely to vibrational transitions which accompany the elec- 
tronic ones, and which we did not take into account in the preceding consid- 
erations. The probability that a number of “heat oscillators,” elastic or mole- 
cular, will participate in the electronic transition associated with light absorp- 
tion, is determined in exactly the same way as in the case of radiationless 
transitions; provided, namely, that each oscillator s jumps over one step only, 
it is represented in the expression of the resulting transition probability by 
the square of the factor (1), or rather of the factor 
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1 
ye (AEN (1’) 





nb = 


the number 1 in the denominator of (1) being cancelled by the factor express- 
ing the number of possible ways of choosing this oscillator (the total number 
p of the latter participating in the transition being represented by a factor 
p! in the denominator of the resulting probability). Now since N,v, denotes 
the vibrational energy of the respective oscillator (without the constant part 
3hv,) which rapidly decreases as the temperature approaches the absolute 
zero, it is clear that the participation of the heat oscillators in the electronic 
transitions must become less and less active, which will result in the gradual 
splitting up of the absorption bands into single lines. 

It must be remembered that JN, in the preceding expression denotes the 
vibrational quantum number of the initial state if it decreases during the 
transition (V,—N,—1); in the contrary case which is in general the more im- 
portant one, NV, means the vibrational quantum number in the final state; for 
the absolute zero of temperature upward jumps of NV, are only possible with 
the final value NV, =1 (since the initial is zero). The same formula (1’) shows 
that in this case, i.e., with all the NV, equal to 1, the probability that an oscil- 
lator will participate in the transition is proportional to the square of its fre- 
quency. Therefore at very low temperatures practically oscillators of the 
highest frequency only i.e. the molecular oscillators, and to some extent the 
elastic oscillators with the highest frequency Ymax (“characteristic frequency” 
of Debye), will participate in the transitions.® In the case of a simple (mono- 
atomic) crystal only the latter come into consideration. We are lead thus to 
expect that the absorption spectrum of a monoatomic (non-metallic) crystal 
at or near the zero point of temperature must consist of groups of lines, cor- 
responding to the absorption lines of an isolated atom, each group consisting 
of a series of equidistant lines with the constant spacing Av = hvmax. The lowest 
frequency line must have the largest intensity for it must correspond to the 
purely electronic transition, the next one, with a shorter wave-length and 
smaller intensity to a transition associated with the upward jump of one 
oscillator, the next with a still shorter wave-length and still smaller intensity, 
to a transition associated with the upward jump of two oscillators and so on. 
These lines must have a sharp edge on the high-frequency side and a rather 
diffuse one on the other side (since elastic oscillators of lower frequency will 
also, to some extent, participate in the transitions). 

So far as the “selection principle” derived above for a monatomic crystal 
(i.e. the condition Ajight =Aexe.) remains valid for a diatomic one, which can 
easily be shown to be the case, the preceding analysis of the zero-point spec- 
trum can be immediately extended on diatomic crystals. In this case each 


5 At the same time will decrease the natural width of these lines which is proportional to 
the probability of a radiationless transition from the excited state into the normal one. 

¢ The predominance of these oscillators is insured not only by their higher frequency but 
also in a three dimensional crystal, by their larger number, the number of oscillators with a 
frequency between v and »+dyr being proportional to v*dv. 
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group of lines corresponding to a particular absorption line of one of the 
atoms (if they are different’) must be subdivided into two groups, the spac- 
ing in the one being Avmax and in the other Av., max being as before the 
maximum frequency of the elastic spectrum, and py, the molecular vibration 
frequency. The lines of the second group can be expected to have larger in- 
tensities than those of the first. In both cases increasing frequency must cor- 
respond to decreasing intensity. 

As the temperature increases the satellites, due to the participation in the 
transitions of the elastic oscillators, must become more and more diffuse on 
the short frequency side, owing to the rapid increase of the energy N,hvo and 
consequently the “activity” (in the sense of their participations in the transi- 
tions) of the lower frequency oscillators until each group of lines will be trans- 
formed into a diffuse continuous band. Thus on our theory the continuous 
character of the absorption bands in the spectra of solid bodies at ordinary 
temperatures is to be ascribed to the equi-partition of energy between the 
elastic oscillators of different frequencies, resulting in an equal participation 
of all these oscillators in the transitions associated with the absorption of 
light.§ 


5. GENERALIZATION OF THE THEORY AND APPLICATION TO THE SCATTERING 
OF LIGHT 


The conclusions of the preceding paragraph have been reached on the 
basis of a result (“selection principle”) whose derivation has been neither gen- 
eral, for we have limited ourselves to a unidimensional model of a monoatomic 
crystal, that was supposed to be initially in the normal state, and did not 
take into account the vibrational motion, nor rigorous, for we have assumed 
that the incident light wave were travelling through the crystal, as if the latter 
was absent, and did not allow for the finite spectral width of this light. 

We must now remove these defects and thereafter revise the above con- 
clusions in the light of the improved theory. 

(a) We shall examine first of all the generalization from the unidimen- 
sional to the three-dimensional crystal lattice. This generalization amounts to 
the replacement of the numbers k, specifying the position of a given atom in 
the lattice by triplets of numbers k,, ke, ks which can be considered as compo- 
nents of a vector k and a similar substitution of vectors p andq for the scalars 
p and gq characterizing the wave-length of the excitation waves and of the 
light waves. The direction of these vectors defines the direction in which the 
respective waves are propagated; their magnitude is connected with the 
wave-length in the same way as before (Ajignt =275/q, exe. =275/p). The 
components of the vector p can of course assume values of the type 
pi=2nr;/n; where r; are integers and n; denote the numbers of atoms along 


7 If they are identical we have to deal with a molecular lattice and compare its spectrum, 
not with that of one of the atoms, but rather with that of an isolated non-rotating molecule. 

§ Another cause of the broadening of the lines lies in the radiationless transitions from the 
excited state into the normal one, the probability of the the transitions being a measure of the 
breadth of the lines. It is, however, difficult to estimate the value of this breadth. 
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the different edges of the crystal (supposed to be of rectangular shape and to 
have a cubical lattice with the constant 6). 

The formula (11) which serves to determine the transition probability 
will remain valid for the three-dimensional case if the product of p; and qx is 
replaced by the scalar products of the corresponding vectors. As a result we 
shall obtain our “selection principle” in the form p =q expressing the equality 
not only of the magnitudes of the vectors p and g but also of their directions, 
or from the point of view of the quantum interpretation, the transformation 
of the incident light quantum into an excitation quantum with a momentum 
of the same magnitude and direction. 

(b) The generalization of the preceding result for a diatomic (or many 
atomic) crystal is quite simple. We have, namely, seen that in case of different 
atoms the excitation waves for the atoms of one kind are to a first approxima- 
tion completely independent of the presence of the atoms of the other kind. 
Equation (11) in the “vectorized” form will, therefore, apply to the atoms of 
each kind separately. 

The situation is somewhat different if the atoms supposed to be of differ- 
ent kind differ only with respect to their position, but are actually of the 
same kind. This corresponds to a molecular lattice, such as the lattice of J. 
(solid iodine) for example. In this case it is convenient to replace the atoms as 
elements of the crystalline structure by the molecules and deal with the mo- 
lecular vibrations in the same way as with the electronic ones, i.e. describe 
them by means of the excitation waves. 

(c) This remark brings out the following interesting point. We have just 
shown that the excitation waves must be associated with “excitation quanta” 
possessing a momentum in the direction of propagation, and that the “selec- 
tion principle” p=q can be regarded as the equation of the conservation of 
momentum in the process of the absorption of a light quantum. Now if mo- 
lecular vibrations (both in the case of equal or different atoms) are described 
by excitation waves, it seems possible to combine an electronic transition with 
a transition of some molecular vibration type in such a way that the equation 
q=p should be replaced by an equation gq =p for the different excitation 
waves involved in the transition, so that the electronic transitions will no 
longer be restricted by the above selection principle. 

This argument is, however, erroneous. Let us remark first of all that if a 
few different types of excitation waves (corresponding to states with approxi- 
mately the same energy) would be generated simultaneously forming a com- 
bined wave of the type x=c’xp'’+c"'Xp"’"+ + - - the momentum equation 
would run q= | c’| 2p’ +|c’’| 2p’. - +. It can further be easily seen that it 
should be fulfilled for each of the constituting waves (representing a station- 
ary excited state) separately, so that q=p’=p’”’= -- - . Since |c’| 24 ¢/"|2 
+--+ =1 the preceding equation actually reduces tog = p for any one of the 
waves. 

It must finally be born in mind that such excitation waves can be gener- 
ated only for which the matrix element of the electric moment / (I, II) of 
an atom, or a molecule, is different from zero. In case of a diatomic homopolar 
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crystal of the type of I, this condition would obviously not be satisfied for 
excitation waves of a purely molecular vibration type. In general the propor- 
tionality of Vo, to U(I, II) shows that excitation waves can be generated only 
which correspond to the optically excitable states of the separate atoms or 
molecules of which the crystal is built up. 

It follows from the preceding considerations that the vibrational motion 
of the atoms (or molecules) in a crystal, or the transitions from one vibra- 
tional state to another, which may accompany the electronic transitions, do 
not impair the “selection principle” provided by the equation gq =p for these 
electronic transitions. 

This result requires but a very slight amendment in connection with the 
following circumstances. In consequence of the vibrational (heat) motion the 
atoms no longer form a regular lattice, which they were assumed to form in 
the derivation of the above equation. Taking again for the sake of simplicity 
the case of a linear lattice we can define the displacements of the atoms from 
their equilibrium positions by adding to their ordinal (integral) numbers k 
small fractions «,. whose products with 6 are equal to the respective displace- 
ments. Now “; can be represented as a superposition of Debye waves in the 
form 

te = Dapret(r’k-w't) 
- 


where a, are very small amplitudes. 

The factors e*‘?' in the perturbation function (10) must be replaced ac- 
cordingly by e*#+? or, since “; is very small, by e**#'(1 +igu7). Effecting the 
same substitution in (11) we must replace w— wo, by w—wo»—w’ and the sum 
Y,e%?-9* whose maximum value has to be sought for the determination of 
our “selection principle” by 


k p’ & 


The latter expression has besides the main maximum for p=q secondary 
maxima for p=q+)’ which can be interpreted from the quantum corpuscular 
point of view as the equations for the conservation of momentum of the light 
quanta, excitation quanta and “heat-quanta” or “sound-quanta” correspond- 
ing to the Debye waves. The resonance condition for the frequencies w= wo, 
is in all cases replaced by w= wo9»+w’ which can be interpreted as the energy 
equation for the above three types of quanta.’ This equation is consistent 
both with the equation p=q+)’ and with the equation p=q which means 
simply that in the transition process two standing sound waves of opposite 
directions, forming a standing wave with no resulting momentum, are gener- 
ated. Since the main maximum of the expression (13) which is approximately 
equal to the number of atoms ” is much more important the secondary ones 

® These results are identical with those obtained by Ig. Tamm in his rather elaborate 


theory of the scattering of light in crystals. The notion of “sound quanta” is also due to this 
author. 
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which have the order of magnitude of nga, the vibrational motion of the atom 
has practically but a very small influence on the position of the groups of ab- 
sorption lines in the spectrum of the crystal. Nevertheless we must be pre- 
pared to find with rising temperature new groups in the form of continuous 
bands to appear which correspond to the “unusual” selection rules p=q+)’ 
and whose intensity must increase linearly with the absolute temperature 
(in the equipartition region). 


(d) The last generalization that we have to carry out is the allowance for 
absorption transitions not from the normal state to an excited one, but from 
one excited x,’’ state to another x,” (with a higher energy). It is clear that 
the preceding results will still be valid for this case if we replace wo, = 27(W, 
—W,)/h by 2x(W, — W,’’)/h and the vector p by the vector difference 
p’’—p’, so that the two “resonance conditions” for the frequencies and the 
wave-lengths, i.e., the equations of conservation of energy and momentum, 
assume the form 














» p= »p"’ = 


275 275 275 ) 
Night Nexe’ " Nexc’” 


hv = “sq=p"-p(o- 


if the effects of the heat motion and if the corresponding (vibrational) transi- 
tions are neglected. 

The preceding results must obviously hold not only for the absorption 
but also for the emission of light (in a definite direction) and can be still 
further generalized to allow for its scattering (by replacing v and q by the 
differences v’—v’’ and q’—q”’ for the incident and scattered light). We shall 
not engage into a detailed investigation of this question and shall satisfy our- 
selves with the following remarks. First, that the present theory of light scat- 
tering in crystals so far as the relations between energy (frequency) and mo- 
mentum (wave number) are concerned is the exact analogon to Schrédinger’s 
theory of the Compton effect, i.e., of the scattering of light by free electrons, 
the electron waves being replaced in our case by the excitation waves. In fact 
the above considerations form the basis of a theory of the Raman effect, which, 
as well known, is the analogon of the Compton effect for bound electrons 
and atoms bound together into molecules. The analogy between the two ef- 
fects is most clearly brought out by means of the conception of the excitation 
waves as the analogon of cathode waves. Second, that the Raman shift of the 
frequency of the incident light v’—v’’ can be calculated either by considering 
molecular vibrations by the method of excitation waves, or by incorporating 
them into the heat motion and allowing for the latter according to section (c). 
Third, that the development of the theory sketched above in the quantita- 
tive direction, i.e. to enable one to calculate the intensity of the scattered lines, 
both shifted and unshifted, does not present any difficulty, for this calcula- 
tion can be easily reduced to the corresponding calculation for an isolated 
atom or molecule (if the molecular vibrations are described by excitation 
waves). 
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6. IMPROVEMENT OF THE THEORY; FINITE WIDTH OF THE EXCITATION LINEs, 
AND INFLUENCE OF THE DAMPING OF THE LIGHT WAVES 


We must now turn to the improvement of our theory of light absorption 
with respect to rigour. 

(a) We have assumed the light to be strictly homogeneous, which of course 
is not the case. This circumstance can, however, easily be taken into account 
in exactly the same as this is done for a single atom. The result will be that 
the probability of the transition x9— x, in the case of a linear crystal lattice 
considered in §4 will be equal to the probability of the corresponding transi- 
tion for a single atom (which is proportional to | U(I, II)| ?) multiplied with 
the square of the modulus of the factor 


1 n 
5 = ntl Yreilr-ak (13a) 


(cf. Eq. (11)). The maximum value of the sum }-e*”-”* for p=q being n, 
the total probability for the light absorption by the crystal turns out to be 
equal, for the lines “allowed” by the “selection rule” p=gq, to times the cor- 
responding probability for a single atom. This is just what would be expected 
on the assumption that the atoms of the crystal do not influence the propa- 
gation of the light waves. 

The result obtained, which obviously holds for a three-dimensional crystal 
lattice just as well as for a unidimensional one, requires strictly speaking, 
some modification. In calculating the transition probability under the action 
of a spectral line of finite width, one has to take into account the variation of 
q = 275/X= bw/c in the factor (12a) with the frequency of the light »=w/2r. 
This would amount to replacing the product of | S| ? with the integral 


f- 
—eo 
occurring in the theory of light absorption by a single atom by the integral 

+2 
J. 
It can be easily shown, however, that maximum of | S| about g=p is much 
flatter than the maximum of the function 


2 
dw 


ei(@—wop)t a 1 











eile wop)t — 1 








| is | *dw 


W@W — Wop 


ei(@—aop)t — | | 2 sin? (w — wop)t/2 


((w = wo») /2)? - 














about the corresponding point w=wo, so that in carrying out of the integra- 
tion | S|? can be replaced by its maximum value (7) corresponding to w = wo» 
with a proper choice of p, of course. The dependence of | S| * on g—p can be 
easily determined. We have namely for a unidimensional lattice if k is varied 
from 0 till ~—1 
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1 ei(p—q)n — j 


fan 
nil2 ei(p-4a) _— 1 





whence 


1 sin? 2(p — q)/2 
| S|? = — = 2. (13b) 
n sin? (p — 9)/2 





The effective width of the maximum of |S]? can thus be determined for a 
definite value of g and a variable p by 


A(p — q) = Ap S2x/n 
or, since p= 276/Nexe (Aexe = Wave-length of the excitation wave) 


| AXexc | Aexc Aexc Might 
_— — = ——S TS i ——— (14) 
exe no L L 





where L = is the total length of the lattice. 

This result can be easily generalized for the case of a three-dimensional 
lattice, L denoting in this case one average linear dimension of the latter. The 
width of the absorption region, i.e., the frequency interval Av for which transi- 
tions from the normal state to excited sub-states can take place according to 
our “unsharp” selection rule is given according to (12) by 





B . p 
Av = — sin — Ap 
2 2 
that is 
mV, | wé 
Av = sin — (14a) 
hn 


where A can be identified with the wave-length of the light. Since 5/X is for 
ordinary light a very small quartity we can put sin (76/A) =76/X and con- 
sequently 

rv, 6 


dy = —— —- (14b) 
he eL 


Thus the width of the absorption lines, so far as the vibrational transitions 
are not taken into account, remains very small at least for crystals of ordinary 
size. The incompleteness of “resonance” with respect to the wave-lengths, 
i.e., the departure of Ajight —Aexe from zero, does not therefore contribute ap- 
preciably to the width of the lines. At very low temperatures this width must 
be determined mainly by the probability of the radiationless transitions, 
whereas at higher temperatures the linear pattern of the spectrum is wiped 
out by the participation of the low frequency heat (sound) vibrations in the 
transitions as has been explained above (§4). 
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(b) It remains for us now to take into account the fact that the propaga- 
tion of light in a real three-dimensional crystal is substantially affected by 
the latter, especially in the region of selective absorption, with which we are 
particularly interested. This influence can be accounted for by replacing the 
vacuum wave-length of the light A» or the corresponding quantity ¢=4qo 
= 276/Xo by a certain complex quantity g=qi—ig2 determining the effective 
wave-length A;(¢; = 276/X;) and the absorption coefficient q2/6. 

In the case of the unidimensional lattice (“bar”) considered above, the 
intensity factor (13a) assumes under this condition the form 

1 eli(e-a)—-a)"—] 
S a nme 


nil2 et(P-W—-a2—] 





whence 


| Ss lo — i 1 —_ 2e7 an cos (p a gin a Seed 
i i i 1 — Je-% cos (p ead qi) +4 en2% 





For large values of this reduces to 


1 1 
| S|? = — : (15) 
n 1 — 2e-*cos (p — qi) +e ** 





the maximum of this expression for p—q: = 0 


1 
2 = 15a 
n(1 — e~%)? —_ 








being of course smaller and flatter than in the case of gz=0. The flatness of 
this maximum must increase the width of the absorption lines and might in 
fact lead to their transformation in comparatively broad bands even without 
the participation of the low frequency vibrations. The width of the maximum 
of | S| 2 may be roughly put equal to qe if gz is sufficiently small, which gives 
for Av the effective width of the absorption line, the expression 

Av = sh q2 sin hd = de ; (16) 

h 2 hd 

The ratio g2/65 represents the value of the absorption coefficient of the light 
per unit length of path and its product with A, g2\/6 =y the absorption coeffi- 
cient per wave-length. Substituting this in the preceding formula we get 


A = (—) (16a) 
= —ypi—). a 
7 h , nN 


This formula shows that unless yw is unreasonably large Av remains actually 
small. It may be remarked that the ratio V,/h represents a frequency which 
is about at least 10 times smaller than the frequency of ordinary light. 


The preceding results can be easily generalized for the case of an ordinary 
three-dimensional crystal. 
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(c) In conclusion the following point should be noted. Since the resonance 
conditions for the frequencies and for the wave-lengths are both unsharp, the 
excitation state of the crystal induced by the absorption of light must be 
represented not by one definite excitation wave, but by a superposition of a 
number of such waves with approximately equal lengths and frequencies, i.e. 
by a group of excitation waves. The corresponding group velocity can be con- 
sidered as the velocity with which the “excitation quantum,” i.e., the excita- 
tion state supposed to be localized in a definite atom and described as a cor- 
puscule, should travel through the crystal (cf. I, §2). 
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ABSTRACT 


The crystal structure of Na:SO; has been investigated by means of the Laue, 
the ionization, the rotation and the powder methods. The hexagonal unit cell con- 
taining two molecules was found to have dimensions: a=5.441A c=6.133A. The ob- 
servations seemed to be in conflict with all hexagonal and trigonal space groups. The 
difficulty was, however, overcome by assuming the crystals to be twins with the c-axis 
as twinning axis. The space group C;;' was under this assumption found to be the only 
possible one. All parameters involved were determined from the observed intensities 
with the following result: 

4 atoms Na in position 1a (000), 15 (00 3) and 2d (§ 3 m), (3 4 %) with u,=0.67 

2 atoms S in positions 2d (} } uz), (3 } a) with w.=0.17 

6 atoms O in positions 6g(xys), (y—-x, %, 2), (9, x—y, 2), (£92), (xn—y, x, 2), (vy, y—x, 2) 

with x=0.14, y=0.40, s=0.25. 

Two of the Na atoms are surrounded by 6 oxygens at a distance 2.469A; while the 
remaining two sodium atoms are surrounded by 3 oxygens at a distance 2.461A and 
by 3 at 2.870A. The structure shows the presence of groups SO;. The distance from 
sulphur to the 3 surrounding oxygens is 1.39A, while the oxygens in the equilateral 
triangle have a distance of 2.24A. The sulphur atom has a displacement of 0.51A out of 
the plane of the oxygens. The form of the SO;-group is thus like a low trigonal pyra- 


mid, being of the same type previously found for the groups (CIO;)-, (BrOs;)-, 
(AsO;)~* and (SbO;)~*. 


1. INTRODUCTION 


(ors of anhydrous sodium sulphite were first prepared and de- 
scribed by H. Hartley and W. H. Barrett.' The symmetry is reported as 
hexagonal, with an axial ratio c/a =1.1246. The crystals are short prisms 
with predominating forms (10.0) and (00.1) small faces (10.1), (10.2) and 
very small (11.1) faces. Further observations by Hartley and Barrett are: 
perfect cleavage parallel to (00.1); birefringence strong, negative; density at 
15°C, 2.633. 
2. OBSERVATIONS 


Our chief interest in the x-ray analysis of the NasSO; was the determina- 
tion of the shape and dimensions of the SO;-group. In the following para- 
graphs we will describe the complete determination of the crystal structure. 
The investigation was started at the University of Manchester, where part of 
the observations were taken. Additional observations were collected in Ryer- 
son Physical Laboratory, University of Chicago, where the investigation was 
completed. 


1 Hartley and Barrett, Trans. Chem. Soc. (London) 95, 1178 (1909). 
1295 








1296 W. H. ZACHARIASEN AND H. E, BUCKLEY 


Due to certain difficulties met during the investigation (see section 4), it 
became obvious that we must secure unusually reliable sets of observations, 
and apply as many different methods as possible. Our observations consist of 
the following. 

(1) Complete rotation photographs and oscillation photographs around 
the hexagonal axis, and around the two different sets of horizontal axes. 
Oscillation angles of 5°, 15° and 30° were used. Crystal to plate distance was 
5.0 cm. Radiation: MoKa. Bernal’s? graphical method of indexing the reflec- 
tion spots was used throughout, thereby securing the most reliable indexing. 
In order to test the absence or presence of important reflexions many long 
exposures with an oscillation angle of 5° were taken. 

(2) Laue photographs perpendicular to (00.1) and (10.0), and inclined a 
few degrees to the former directions. The photographs were indexed by con- 
verting the diagrams into gnomonic projection. The lower wave-length limit 
in the incident beam was tested on a number of known crystals. 

(3) Intensity measurements on the ionization spectrometer of all reflec- 
tions hk.0 up to 33.0 and of the reflexions 00.1. The series of intensities hk.0 
was transformed into absolute measure by a method described in section 4, 
below. The crystal was completely bathed in the x-ray beam; the observed 
intensity was taken proportional to 

| F|? 1+cos?26/sin20, 
where | F| is the structure amplitude. MoKa radiation was used. 

(4) Powder photographs with a high resolving camera, with sodium chlo- 
ride as reference substance.’ The unit cube of sodium chloride was assumed to 
have the edge a=5.628A. The wave-length used was taken as MoKa,;—A 
=0.70783A. 


3. THE Unit CELL AND SPACE GRouP CONSIDERATIONS 
All observations agree with the following hexagonal cell: 
a= 5.441 + 0.004A c= 6.133 + 0.007A c/a = 1.127 


The correctness of the unit cell was carefully tested by means of long-expo- 
sure Laue photographs. No reflection spots could be found which indicated 
a larger unit cell than the one given above. By means of the directly deter- 
mined density we find 1.98~2 molecules of NasSO; connected with each unit 
cell. The calculated density for two molecules is 2.66. 

The Laue photographs and the oscillation photographs possess the sym- 
metry of the space groups C3,", Cs" and C¢,". Vertical planes of symmetry 
are definitely not present. 

A further limitation of the space groups was obtained through observa- 
tions of the spectra 00.1. At ordinary exposures only the even order reflec- 
tions from the base appear in the oscillation photographs. However, on 
several oscillation diagrams taken with 5° oscillation angle and long exposures 
the reflexion 00.3 was unmistakably present. These observations rule out all 
space groups save C3,!, Cs! and C¢,!. 

* Bernal, Proc. Roy. Soc. London A113, 117 (1926). 

* We are indebted to Mr. F. Barta for taking the powder photographs. 
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4. THE DETERMINATION OF THE STRUCTURE 


From an inspection of all our observations according to the four different 
methods certain regularities in the observed intensities at once become ap- 
parent, and will have to be accounted for by the atomic arrangement. We will 
consider only the intensities of reflections occurring at large values of sin6/X. 
These regularities we have collected in the following table: 


I Reflexions hk.0 


(a) 2h+k=3n (n=0, 1, 2,---) Intensities are very strong 
(b) 2h+k43n (n=0, 1, 2,---) Intensities are very weak or nil 
II. Reflexions hk.l with even 1. 
(a) 2h+k=3n (n=0, 1,2,--- ) Intensities are strong for /]=6 and 
very weak or nil for /=2, 4, 8, 
(b) 2h+k¥3n (n=0, 1, 2,---.) Intensities are very strong for 
1=2, 4, 8,; very weak or nil for] =6 
III. Reflexions hk./ with odd /. Intensities are very weak or nil 


These regularities are valid with no exceptions at large values of sin@/X, 
but do not fit the observations quite so well at small values of sin@/A although 
giving a fairly good agreement. There is only one way of explaining this fact: 
the regularities given above must be characteristic of the cation lattice, but 
not for the oxygen lattice. Therefore the regularities will hold absolutely at 
large values of sin@/A, where the influence of the oxygen lattice with good 
approximation can be left out of consideration; but at small values of sin@/X 
these regularities will be destroyed to some extent through the overlapping 
influence of the oxygen lattice. 

In the unit cell we have 4 Na and 2 S atoms. As a first approximation we 
will consider the scattering power of sodium and sulphur to be the same. Our 
first problem will thus be to arrange 6 cations in the cell in such a way that the 
observed regularities in intensities of reflections are accounted for. (It has to 
be remembered that these 6 cations are of two kinds, so they cannot all be 
structurally equivalent.) 

The regularity Ia and Ib tells us that the cations are evenly distributed on 
the 3 available threefold axes. As the c-axis has a length of only 6.13A, it is 
obvious that only 2 cations can lie on each axis, for otherwise cations would 
come closer than 2.04A, which is highly improbable. The positions of the 


cations are consequently according to regularity I: 002;, O0z2, } 3 23, 4 2 2, 
s.. 


3 3 35, § 3 26. 

The regularity III] shows that the cations are situated along the threefold 
axes at intervals of c/2. Thus: 22 = 21 +4, 24=23+4, 26=25+3. 

Finally the regularity given under II tells us that the cations are arranged 
in layers parallel to the c-face coming at intervals of c/6. We have thus: 
23 = 2, +4, 35 =2,+}3 and the coordinates of the cations must be: 


(O0z) (00s + 3)(335 + 3)(43s + (34s + 3) (342 + ®. 


This result is rather astonishing. The symmetry of the cation lattice is 
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that of Dsa only, while the observed symmetry is that of Ce,. We have as a 
matter of fact shown that no space group in the hexagonal and trigonal 
systems can account for the observations. The assumptions upon which we 
have based our deductions obviously cannot be correct. We have accordingly 
made a diligent search for a plausible explanation of the contradiction which 
exists between the observations. 

An inspection of all our observations left no doubt as to the reported sym- 
metry, neither could we find any other way of explaining the observed regu- 
larities than the one given above. The possibility of a bigger cell had also to 
be rejected from our observations. The assumption of another symmetry 
system likewise is highly improbable (it had to be either monoclinic or tri- 
clinic) with the nice development of the faces and the definitely uniaxial op- 
tical properties. Nor have we any justification for mistrusting the space group 
theory. We found rather that the only plausible explanation was to assume 
that all our observations were taken not on single crystals but on twins. We 
must emphasize, that we have not succeeded in finding direct evidence with 
which to back this assumption. Nevertheless the good agreement we have 
obtained between observed and calculated intensities assuming twinned crys- 
tals, as well as the plausibility of our final structure, must be taken as an 
indirect proof of the correctness of our assumption. 

If the crystals are twins with the c-axis as twinning axis, the symmetry of 
our photographs would also be in agreement with that of the space groups 
C3" and C3;". Only C3' and C3,;! can account for the observations in the 00./ 
spectra. The distribution of the cations which we determined from the observed 
regularities also can be obtained from the special positions of these space groups. 
The only difference between C3! and C;;! is the additional center of symmetry 
in the latter. 

The oxygen atoms will have to lie in general positions (xyz) as no vertical 
planes of symmetry have been observed in the diagrams. The vertical distribu- 
tion of the oxygen atoms with regard to the cation positions can easily be 
found from the spectra 00./. The only odd order reflexion from the c-face 
which we observed is 00.3. This means that the oxygen atoms are lying in two 
layers parallel to the c-face at a distance of c/2. The fact that we have ob- 
served 00.3 with very small intensity cannot be interpreted as meaning that 
the oxygen layers have a distance slightly different from c/2, as we did not,ob- 
serve 00.5. But we must ascribe the presence of 00.3 to the difference in 
scattering power of Na and S, which means that the two sulphur atoms must 
lie on 2 different threefold axes. From the observed intensities of the even 
orders of 00./ and the known distribution of the cations along the c-axis we 
find that the oxygen layers parallel to the c-face must be displaced an amount 
c/12 against the cation layers. Summarizing our considerations so far we 
have found that the space group is C;' or C;,;!. We know the positions of the 
cations and the distribution in the c-direction of the oxygens referred to the 
cation lattice. 

We have tried both space groups and finally selected C;;! as the correct 
one. In fact a trial with C;' showed that in order to get good agreement we had 
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to choose such values of the parameters as would give the symmetry of C;,'. 
The remaining unknown parameters in the structure were easily determined 
by means of the observed intensities. 

As a final result we arrived at the following crystal structure which gave 
the best agreement with the observed intensities: 

Space group C;;!. 

Na in la: (000) +15 (003) + 2d (4 § u1) (§ 3 a) with um, = 240° 

Sin 2d: (4 3 ue) (3 3 de) with m2, = 60°. 

O in 6g+ (xyz) (y—x, #, 2) (§, x—y, 3) with x =50° y=145° and z=90° 

The very good agreement between observed and calculated intensities is 
seen from an inspection of the tables. 

The F- curves used are given in Table VI. They are essentially the same as 
the Na, Cland O F-curves used by one of us in the determination of structure 
of NaClO;* and NaClO,'. 

The relative intensities of the spectra hk.O measured on the ionization 
spectrometer were transformed into absolute values by the following con- 
sideration; We assumed that the structure amplitude of the reflexion 33.0 was 
equal to 4 Na+2 S (chemical signs mean scattering power at the value of 
siné/X under consideration), as we with good approximation can leave the 
oxygen contribution out of consideration for such high values of sin@/X. All 
the observations were therefore reduced in such a way as to give an observed 
structure amplitude for 33.0 equalling the theoretical contribution of 


TABLE I. Jonization measurements in the prism zone. 

















hk.A Int. | F obs. | F| cale. hk.O Int. | F\ obs. | Fi cale. 
10.0 7.4 5 —6.7 31.0 5.4 8 —7.6 
11.0 98.0 24 41.8 13.0 ae a0 8 
20.0 20.8 12 —11.6 40.0 3.1 7 —5.1 
21.0 2.2 4.5 —4.7 32.0 1.3 4.5 —5.1 
12.0 30.8 17 20.3 23.0 1.9 $.§ —5.5 
30.0 76.0 28.5 33.7 41.0 42.8 27.5 28.4 
22.0 70.4 29.5 33.0 14.0 21.6 19.5 18.6 

33.0 14.4 (17.5) 16.2 











TABLE II. Jonization measurements of spectra 00.1. 











00.1 Int. | F|obs. | F\cale. 
00.1 nil nil 2.% 
00.2 81.6 20.8 —42.8 
00.3 trace trace -—5.2 
00.4 12.0 11.9 16.8 
00.5 nil nil : 
00.6 9.6 (13 .4) 13.4 








4 Zachariasen, Zeits. f. Krist. 71, 517 (1929). 
5 Zachariasen, Zeits. f. Krist. 73, 141 (1930). 
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TABLE III. Results from powder photograph measurement. 
































hkl sin? @ Int. obs. |F|?-f hkl sin? 0 Int. obs. | F\?-f 
00.1 .00333 nil 1 22.1 .07107 nil 29 
10.0 .00565 vw 45 31.0 .07340 vw 59 
10.1 00898 vs 919 20.4 07590, sm f 690 
00.2 .01333 m 610 31.1 .07673/ 1 292 
11.0 .01694 vs 1747 30.3 -08080 | VVW f 107 
10.2 .01898 vs 2852 22.2 .08107 \ 28 
11.1 .02027 m 483 00.5 -08330 nil 2 
20.0 .02259 Ww 135 31.2 .08673 ms 1599 
20.1 .02592 m 387 10.5 .08895 nil 5 
00.3 .02999 vw 9 40.0 .09033 nil 26 
11.2 .03027 46 21.4 .09283) {2019 
10.3 03564 s-Vs 191 40.1 .09366f ™ | 70 
20.2 .03592 2322 22.3 .09773 nil 51 
21.0 .03952 wm 434 11.5 . 10024 nil 44 
21.1 -04285 VVw 37 31.3 . 10339 { 102 
11.3 .04693 Ww 215 40:2 . 10366 m 681 
30.0 .05081 ms 1136 30.4 .10412 22 
20.3 .05258 } { 262 20.5 . 10589 nil 150 
21.2 05285) s 2104 32.0 .10726 nil 56 
00.4 .05331 94 32.1 .11059 vVw 102 
30.1 .05414 nil 171 41.0 11855) (1153 
10.4 -05896 m 1035 00.6 .11995 | 60 
30.2 .06414 nil 1 40.3 . 12032 ms } 16 
22.0 .06774 ms 1089 32.2 . 12059 }1128 
21.3 .06951 nil 45 22.4 12105 | 4 
11.4 .07025 VVVW 76 41.1 .12188) | 86 
TABLE IV. Results from Laue photographs. 
hkl Int. Obs. | F| hkl Int. Obs. | F| 
21.0 Ww 5 32.0 VVW 5 
12.0 s 20 23.0 w 6 
21.1 W 3 32.1 vw 14 
12.1 m 7 23.1 nil 2 
21.2 s 38 ks Ww 24 
12.2 s 38 23.2 m 24 
21.3 vw 7 41.0 vs 28 
12.3 Ww 5 14.0 19 
21.4 m 28 41.1 vvw 4 
12.4 s 44 14.1 Ww 12 
31.0 m 8 41.2 wm 17 
13.0 w 1 14.2 vw 2 
31.1 s 24 41.3 Ww 9 
13.1 Ww 2 14.3 w 9 
31.2 s 33 41.4 nil 5 
13.2 s 29 14.4 w ) 
31.3 wm 11 
13.3 Ww 6 
31.4 m 22 
13.4 8 23 
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TABLE V. Results of structure factor calculation. 
hkl | F| | F|? =| F| >! F|? Int. Obs. in 
osc. phot. 
00.1 2.1 4 2 4 nil 
00.2 —42.8 1832 43 1832 s 
00.3 —5.2 27 5 27 vvw 
00.4 16.8 282 17 282 m 
00.5 2.3 5 2 5 nil 
00.6 13.4 180 13 180 wm 
10.0 —6.7 45 7 45 vw 
10.1 —22.6 soa} 43 919 ms 
10.T 20.6 408 
10.2 .6 — 54 2852 vs 
10.3 53.4 2852 
10.3 12.7 161 18 191 m 
10.3 —5.5 30 . 
10.4 31.9 1018 36 1035 s 
10.4 —4.1 17 
10.5 —2.3 5 2 5 nil 
10.5 0 0 
10.6 —1.4 2 3 4 nil 
10.6 —1.4 2 
11.0 41.8 1747 42 1747 vs 
11.1 —12.6 159 31 483 m 
11.T 18.0 324 
11.2 —4.8 23 10 46 w 
11.3 —4.8 23 
11.3 4.4 06 18 215 wm 
11.3 —14.0 196 
11.4 —6.1 38 12 76 Ww 
11.4 —6.1 38 
11.5 —2.1 4 8 44 vw 
11.5 6.3 40 
11.6 20.5 | 41 840 ms 
11.6 20.5 420 
20.0 —11.6 135 12 135 wm 
20.1 —15.2 asst 28 387 m 
20.1 12.5 156 
20.2 48.0 a+ 52 2322 s 
20.2 4.2 18 
20.3 13.6 185 22 262 w 
20.3 —8.8 77 
20.4 —5.9 35 32 690 ms 
20.4 25.6 655 
20.5 —9.7 94 17 150 w 
20.5 7.5 56 __ 
21.0 —4.7 22 5 22 vw 
21.1 3 —)\ 3 7 o 
21.1 —2.7 7 
71.2 —.6 — 38 1384 s 
21.2 S742 1384 
21.3 —.9 1 7 33 o 
21.3 §.7 32} 
21.4 24.6 655 \ 28 666 m 
21.4 —3.3 11) 
12.0 20.3 412 20 412 m 
12.1 2.5 6\ 7 30 vw 
12.1 —4.9 24 
12.2 17.2 re 38 720 m 
12.2 —20.6 424 | 
12.3 2.4 | 5 12 vw 
12.3 2.4 6} 
12.4 8.0 64 44 1353 m 
12.4 35.9 1289} 
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TABLE V. (Continued). 
| Fi | F\? z| F| =! F Int. obs. in 
osc. phot. 
33.7 1136 34 1136 vs 
11.4 130) 18 171 Ww 
—6.4 41f 
—.6 - \ 1 1 vvw 
—.6 — f 
—10.3 106) 11 107 Ww 
ee 1f 
—3.3 11) 7 22 nil 
—3.3 11/ 
33.0 1089 33 1089 vs 
—.7 1) 6 29 VVW 
5.3 28) 
—3.8 14\ 8 28 vw 
—3.8 14/ 
—2.5 6\ 9 51 vvw 
—6.7 45/ 
—1.5 2\ 3 4 nil 
—1.5 2) 
—7.6 58 8 58 w 
10.7 115) 24 284 m 
—13.0 169 / 
30.6 936\ 33 940 s 
2.1 4/ 
—3.4 12) 11 76 Ww 
8.0 64/ 
—4.8 23 | 22 336 m 
oa37 313! 
8 1 1 VVVW 
on — | 2 4 vvw 
—2.1 4) 
—3.0 9) 29 659 ms 
25.5 650} 
—.5 ) 6 26 vw 
5.1 26/ 
21.2 449) 23 451 m 
—1.3 2/ 
—5.1 26 5 26 vw 
—6.9 48) 12 70 vw 
4.7 22) 
0 0 26 681 m 
26.1 681) 
4.0 16) 5 16 vw 
— .6 — f 
16.7 279) 20 293 m 
—3.7 14/ 
—5.1 26 5 26 vw 
—8.1 65\ 14 99 Ww 
5.8 34 / 
e — | 24 557 m 
23.6 557) 
4.7 22\ 5 22 vw 
—.5 — f 
14.8 219\ 19 233 m 
—3.8 14/ 
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TABLE V. (Continued). 












































hkl | F| | F|? =| F| =| Fl? Int. obs. in 
osc. phot. 
23.0 —5.5 30 6 30 vw 
23.1 —1.6 3) 2 3 nil 
23.1 —.7 — f 
23.2 23.9 571\ 24 571 m 
23.2 5 eg 
23.3 5.0 25\ 6 26 vw 
23.3 —.8 1/ 
23.4 —4.1 17\ 19 227 m 
23.4 14.5 210/ 
41.0 28.4 807 28 807 s 
41.1 2.2 5\ 4 9 nil 
41.1 —2.0 4) 
41.2 —8.3 69 | 17 138 wm 
41.2 —8.3 69 
41.3 —4.5 20\ 9 38 vw 
41.3 —4.3 18) 
41.4 2.5 6) 5 12 nil 
41.4 2.2 6f 
14.0 18.6 346 19 346 m 
14.1 8.0 64) 12 77 vw 
14.1 nit 13/ 
14.2 8 1) 2 2 vw 
14.2 8 1f 
14.3 ~8.9 79) 9 79 w 
14.3 1 — 
14.4 —4.3 18\ 9 36 vw 
14.4 —4.3 18/ 
TaBLe VI. F-curves. 
sin 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
Na* 9.6 8.5 7.1 5.8 4.6 3.6 2.8 2.0 
S* 11.7 11.0 9.8 8.3 7.0 5.9 5.0 4.1 
O7 9.0 7am 5.4 3.9 2.6 1.8  . 9 








4Na+2 S, which we get from our F-curves. It will be seen from Tables I and 
II that extinction effects obviously have reduced the intensity of the stronger 
reflexions to a certain extent. 

Due to the twinning with the c-axis as twinning axis, the reflections hk.l 
and hk./ having different intensities will fall on the same spot in all the photo- 
graphs. 


DISCUSSION OF THE STRUCTURE 


In Fig. 1 is given a projection of the structure on the c-face. In the struc- 
ture we can pick out groups SO;. The structure of the SO;-group is the one 
predicted by one of us.* The characteristic feature of the SO3-group which 
distinguishes it from the CO; and NO; groups is the fact that the sulphur 
atom is displaced an amount A = 0.51A out of the plane of the oxygen atoms. 
Analogous results have been found for other groups RQO;.° A more accurate 


6 W. H. Zachariasen, Vid. Akad. Skr. I KI. No. 4 p. 142, 1928 Oslo; Zeits. f. Krist. 71, 
527 (1929). 
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discussion of these results will be given in a following paper by one of us. The 
distance S—O is 1.39A. 

There are two kinds of Na atoms in the structure, but both show the co- 
ordination number 6. The sodium atoms in positions (000) (003) are sur- 
rounded by 6 oxygens forming the corners of a nearly regular octhahedron, 
the distance Na—O being 2.469A. The sodium atoms of the other kind have 
3 oxygens at a distance 2.461A and 3 at a distance 2.870A. This oxygen octa- 
hedron is much distorted, and the sodium does not lie accurately in the center. 
The SO*-groups share only corners with the Nay;-octahedra, while a face is 
shared with the Nay-polyhedra. It is obvious that this sharing of a face in the 











Fig. 1. Projection of the structure on (00.1). Numbers represent height of atoms above (00.1)- 
plane in A. Valency bonds are represented by connection lines. 


latter case will cause some deformation.’ In the first place we should expect a 
shortening of the edges bounding the shared face, that is the O—O distance in 
the SO*-group will be shorter than normally. But we also should expect a dis- 
placement of the cations due to the one-sided configuration. This displacement 
we should expect to be greater for the cation with small valency; i.e., we 
should expect the sodium to be displaced in a direction away from the shared 
face. All these deformations are actually present: the displacement of the 
sodium atoms results in the two distances to oxygen. The shortening of the 
edges bounding the shared face will be noticed by a comparison of the SOs3- 


7L. Pauling, Journ. Amer. Chem. Soc. 51, 1021 (1929). 
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group with the ClO;-group. One finds namely that the O—O distance in the 
SOs-group is smaller than in the ClO3-group. 

The reported strong negative birefringence of the crystals is a result of the 
fact that all the SO;-groups are arranged with the plane of the oxygens par- 
allel to the c-face. From a determination of the refractive indices one should 
be able to give an estimate of the O—O distance in the group. The cleavage 
parallel to the c-face is also in accordance with the structure. 

Empirical observation shows the twinning probably is due to the existence 
of pseudo-elements of symmetry in the crystal structure. In the NaeSO;- 
structure the c-axis will be a pseudo twofold screw axis so the formation of 
twins with the c-axis as twinning axis can be explained. The fact that all the 
crystals we have examined according to our interpretation of the observa- 
tions must be twins has worried us, and we must admit that we very strongly 
feel the lack of direct proof of the assumed twinning. 

We tried to prepare etching figures on the crystals we had at our disposi- 
tion. The result was not good but the figures we obtained did seem to indicate 
a polarity of the crystals. The symmetry of C;,! does not give etching figures 
with the symmetry observed. It is a well-known fact however, that there are 
many examples where the etching figures indicate lower symmetry than that 
of the crystal. The results of etching experiments are thus not reliable. 

The intensity calculations on the basis of our structure have, however, 
given so good agreement with all the observations we have collected that the 
principal correctness of our structure does not seem to be in doubt. 

We are very much indebted to Dr. Hartley for providing us with crystals 
of NaeSOs. 
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THE CRYSTAL STRUCTURE OF POTASSIUM PERMANGANATE 
By R. C. 2. Mooney 


RYERSON PuysicaL LABORATORY, UNIVERSITY OF CHICAGO 
(Received March 30, 1931) 


ABSTRACT 


The crystal structure of potassium permanganate was determined from Laue and 
x-ray single crystal oscillation photographs. It was found that the unit cell is ortho- 
rhombic, contains four molecules, and has the dimensions: 


a=9.09A b=5.72A c=741A 


The symmetry of the crystal is 2Di—16 (1’,"), and the structure may be given by 
the following parameters, expressed as fractions of the unit cell dimensions: 


Four K at 4c: u=0.06 v=0.16 
Four Mn at 4c: u«=0.18 v=0.67 
Four O at 4c: u=0.00 v=0.61 
Four O at 4c: u=0.26 v=0.49 
Eight O at 8d: x=0.19 y=0.22 2=0.80 


The agreement between the observed intensity and the calculated structure amplitude 
is satisfactory. The crystal, isomorphous with barytes, celestine and anglesite, has a 
closely similar structure, though the parameters are different. The manganese is sur- 
rounded by four oxygen atoms at an average distance of 1.59A, the arrangement be- 
ing a nearly regular tetrahedron. The average oxygen-to-oxygen distance in a tetra- 
hedron is 2.62A. The smallest distance between oxygens in different tetrahedra is 
2.72 A. The potassium is surrounded by nine oxygens at a mean distance of 2.97A. 


1. Unit CELL AND SPACE GROUP 


LTHOUGH the cell size and the space group of potassium permanganate 

have been reported by James and Wood! and by Basche and Mark,’ no 
complete structure determination of this crystal has appeared. Since potas- 
sium permanganate is isomorphous with the sulphates of strontium, barium 
and lead, the atomic arrangements must also be analogous.’ 

Crystals of sufficient size and perfection were grown by the slow cooling 
of an aqueous solution saturated at about thirty-five degrees. From these, 
both Laue and oscillation photographs were obtained. Laue photographs were 
taken with the incident beam parallel to the crystallographic axes and were 
indexed in the usual way by conversion to gnomonic projections. Numerous 
oscillation photographs (oscillation angle 15° or 30°) around the three princi- 
pal axes were indexed according to the graphical method described by Bernal.‘ 


1R. W. James and W. A. Wood, Proc. Roy. Soc. A109, 598 (1925). 

2 W. Basche and Z. Mark, Zeits. f. Krist. 64, 1 (1926). 

3 P. von Groth, Chemische Krystallographie, Vol. 5; Englemann (1908). J. A. Wasastjerna, 
Phil. Mag. 7, 2 (1926); Soc. Sci. Fennica (Physico-Math.) 2, No. 19-30 (1927). 

‘J. D. Bernal, Proc. Roy. Soc. A113, 117 (1926). 


1306 








CRYSTAL STRUCTURE 1307 


The following values were found for the lattice dimensions: 
a = 9.09A b= 5.72A c= 7.41A 


There are four molecules in the unit cell. In agreement with the results of pre- 
vious investigations, the space group was shown to be 2Di—16 (V,"*). 


2. DETERMINATION OF THE STRUCTURE 


Since the space group and the number of molecules per unit cell were 
known, it was possible, by means of the theory of space groups, to list all 
the arrangements of the twenty four atoms compatible with the symmetry 
of the crystal. The number of possibilities was limited by some justified as- 
sumptions. Because of the isomorphism with the sulphates of strontium, 
barium and lead, as well as with the perchlorates of potassium, rubidium, 
caesium and ammonium, the existence of groups MnQ, in the crystal may 
well be taken for granted. These MnQ, groups must of necessity be linked 
together by the potassium ions. This assumption together with considera- 
tions of the intensities showed that only the following distribution of the 
atoms among the available positions was possible: (See Wyckoft's tables®) 4k 
in 4c(u0v); 4Mn in 4c(u0v); 40, in 4c(u0v); 40, in 4c(v0v7) 80.) in general 
positions 8d(xys). There are, therefore, eleven parameters in the structure. 

From considerations of the intensities of reflections occurring at large 
glancing angles (where the influence of the oxygens becomes negligible) the 
parameters for potassium and manganese were determined. The values ob- 
tained agree very well with those given for Ba and S in BaSO,. (Compare 
James and Wood.') 

The intensities of reflections from about fifty planes with simple indices 
were used for the determination of the seven oxygen parameters. Some sim- 
plification was obtained by the conception of tetrahedral MnO, groups with 
dimensions somewhat larger than those of the SO, group; further, all arrange- 
ments were rejected if they gave an oxygen-to-oxygen distance considerably 
less than 2.5A. In this way a set of approximate parameter values was easily 
derived. Then a series of changes in the parameter values was made so as 
progressively to better the agreement between observed and calculated in- 
tensities, until by this process of trial and error a satisfactory agreement was 
obtained. The final set of parameter values is given in the Table I. In Table 
II the calculated values of the structure amplitude are compared with the 


TABLE I. Parameter values. 
(Given in fractions of the length of the unit cell sides) 











Potassium: u=0.06 v=0.16 
Manganese: u=0.18 v=0.67 
Oxygen: u=0.00 v=0.61 
Oxygen: u=0.26 v=0.49 
Oxygen: x=0.19 y=0.22 z=0.80 








®*>R. W. G. Wyckoff, Analytical Expression of the Results of the Theory of Space Groups, 
Carnegie Institute of Washington, 1930. 
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TABLE II, Calculated and observed values of the structure amplitude. 











hkl sin 0 F Intensity 
(calculated) (observed) 
101 0.0618 49.4 M 
200 0.0782 53.4 M 
O11 0.0784 51.05 M 
201 0.0917 59.5 M 
002 0.0960 60.4 M 
210 0.1001 107 .6 VVS 
102 0.1036 92.8 S 
202 0.1230 20.5 M 
020 0.1248 134.4 VVS 
301 0.1266 a W 
400 0.1573 34.3 MW 
302 0.1517 5.6 VW 
122 0.1621 92.9 S 
401 0.1635 137.1 VVS 
203 0.1640 25.2 M 
303 0.1860 68.3 S 
004 0.1917 43.7 M 
123 0.1940 46.4 M 
104 0.1960 50.0 M 
420 0.2000 21.3 W 
501 0.2010 22.0 W 
230 0.2030 68.8 M 
114 0.2056 60.4 M 
204 0.2076 37.2 W 
132 0.2105 66.1 M 
141 0.2238 27 .6 W 
304 0.2249 6.5 W 
133 0.2350 1.8 VVW 
124 0.2324 63.7 M 
610 0.2430 55.0 M 
600 0.2440 41.2 MW 
601 0.2441 16.7 W 
105 0.2441 13.3 W 
040 0.2470 123.5 VVS 
015 0.2480 23.8 W 
233 0.2490 7.9 VVW 
513 0.251 60.1 MS 
205 0.253 9.2 W 
414 0.255 2.6 VVW 
240 . 0.261 19.4 W 
602 0.263 34.4 MW 
241 0.265 25.3 W 
620 0.266 10.1 VW 
142 0.269 56.0 MW 
134 0.271 65.5 M 
125 0.273 51.0 M 
531 0.275 30.0 W 
440 0.295 10.9 W 





| 
| 








observed intensities. The agreement is as good as can be expected for a struc- 
ture having eleven parameters. The F-curves shown in Table III were used 
in calculating structure amplitudes. The observed intensities are rated as 
very strong, (VS); strong, (S); medium, (M); weak, (W), and very weak 
(VW). 
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TaBLe III. F-curve values used for potassium permanganate structure.® 
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0.1 8.0 16.9 22.6 
0.2 5.8 13.0 18.0 
0.3 3.7 10.5 14.9 
0.4 2.5 8.6 12.5 
0.5 1.7 7.2 10.7 
0.6 1.1 6.0 9.3 
0.7 0.7 5.1 8.2 
0.8 0.5 4.3 7.2 
0.9 0.4 3.7 6.3 
1.0 0.3 3.1 5.6 











3. DISCUSSION OF THE STRUCTURE 


In Fig. 1 is given a projection of the structure on the c-face. It is true that 
some use has been made of atomic distances in deriving the approximate 
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Fig. 1. Crystal structure of potassium permanganate projected on c-face. Large circles are 
potassium, medium circles are oxygen and small circles are manganese. 


parameter values. The more accurate evaluation of the positions was, how- 
ever, made on the basis of intensities alone. 
Manganese is surrounded by four oxygens (one Oy, one On, and two Oy) 


6 The values are taken from: W. L. Bragg and J. West, Zeits. f. Krist. 69, 118 (1928). 
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forming a nearly regular tetrahedron. The manganese-to-oxygen distances 
are: Two O at 1.58A; one O at 1.68A, and one at 1.52A, the average being 
1.59A. The oxygen-to-oxygen distances in the tetrahedron are: 


QO, —Oyy =2.62A Oj — Onn = 2.53A On. —Oyn =2.70A 
Q, —Oy = 2.54A 


The average 0 to O distance is 2.62A. 

For comparison it may be remarked that the silicon-to-oxygen distance 
in the SiO, group is given as 1.54-1.64A;’ the sulphur-to-oxygen distance in 
the SO, group is 1.5A;§ the phosphorus-to-oxygen distance in the PO, group 
is 1.56A;° and chlorine-to-oxygen distance in ClO, is 1.56A."° 

In KMnQ,, potassium is surrounded by nine oxygens at a mean distance 
of 2.97A; one at 3.37A; two at 2.93A; two at 2.96A; one at 2.94A; one at 
3.05A; and two at 2.79A. The potassium-to-oxygen distance in other crystals 
with coordination number nine is reported as 2.96A and 2.944." 

The smallest distance between oxygens belonging to different tetrahedra 
is 2.72A. 

In conclusion I wish to express my most sincere thanks to Dr. W. H. 
Zachariasen for his interest and assistance in this investigation. 


7W. L. Bragg, Zeits. f. Krist. 74, 237 (1930). 

8 A. J. Bradley, Phil. Mag. 49, 1225 (1925); R. W. James and W. A. Wood, ibid. 

9 J. West, Zeits. f. Krist. 74, 306 (1930). 

10 W. H. Zachariasen, Zeits. f. Krist. 73, 2, 141 (1930). 

™ W. H. Zachariasen, Norske, Vid. Akad. Skr. Mat.-Nat. Kl. No. 4 Oslo, 1928, p. 97, 
Zeits. f. Krist. 71, 501 (1929). 
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THE MOBILITY OF AGED IONS IN AIR IN RELATION 
TO THE NATURE OF GASEOUS IONS 


By Norris E. BRADBURY 
PHyYsICcAL LABORATORY, UNIVERSITY OF CALIFORNIA 


(Received April 10, 1931) 


ABSTRACT 


The mobility of gaseous ions in air formed by intense x-radiation has been studied 
by the method of Tyndall and Grindley. The mobility of ions less than 0.08 seconds of 
age was found to be 2.21 cm/sec per volt /cm for the negative ion and 1.59 cm/sec per 
volt /cm for the positive ion in agreement with values observed by Loeb and by Tyn- 
dall and Grindley. A modification of the apparatus permitted the mobility of ions 
which had been aged for times up to 1.5 seconds to be studied. In this case a decrease 
in mobility was observed to values of 2.04 and 1.46 for the negative and positive ions 
after 1.5 seconds aging. The ionization chamber and source of ionization were the 
same as those employed by Luhr in recombination measurements. From the theoreti- 
cal mobility equation of Langevin, the observed decrease in mobility cannot be corre- 
lated with the probable increase in ionic mass occurring in recombination measurements 
under the same conditions. A much larger decrease in mobility is predicted on this 
basis than is observed in these experiments. 


INTRODUCTION 


HE properties of gaseous ions have been studied for many years with 

diverse methods and under a variety of conditions, but the exact nature 
of the ion as it exists under normal conditions of temperature, pressure, and 
purity can hardly be said to be known. The early stages in the life of the ion 
(up to ages of the order of 0.01 second) are not, however, difficult to explain. 
The electron is first torn off from a neutral molecule in a manner dependent 
upon the ionizing agent employed, thus leaving the molecule positively 
charged. After a period of time depending upon its kinetic energy, the number 
of impacts with neutral molecules, and the attachment coefficient of the gas 
in question, the electron may attach itself to a molecule forming a negative 
ion. In the case of gases in which positive and negative ions are usually 
studied, this time of attachment is almost instantaneous and can be com- 
pletely neglected in the further history of the ion. Exactly what takes place 
after the formation of the positive or negative monomolecular ion in this 
manner is not clear. The work of Erikson! and others shows that an aging 
effect takes place in the case of the positive ion causing a lowering to the 
ordinary values observed in the first 0.01 second. This aging appears to take 
place in a single step, and while observed for positive ions in air doubtless 
occurs for both ions in many gases, perhaps in shorter time intervals than 
observed by Erikson. Further, the work of Loeb? on mobilities in mixtures of 
gases has shown, depending on the nature of gases used, that either cluster- 
ing of a statistical type or definite cluster formation may take place, the na- 


1H. A. Erikson, Phys. Rev. 28, 372 (1926). 
2 L. B. Loeb, Phys. Rev. 32, 81 (1928). 
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ture of the change observed indicating the formation of clusters of but a few 
molecules. It is also possible that the initially charged molecule gives up its 
charge to other and larger molecules of impurities present. However, what- 
ever processes occur, the result is a single class of ions in a given gas which 
may be termed the normal ion in that gas within a given time interval 
(i.e. 0.01—0.1 seconds). Regardless of their constitution, which may be mono- 
molecular or a group of very few molecules (2-6), their properties, as shown 
by their mobility, apparently change very little in the first 0.1 second. 

The work of L. C. Marshall* and O. Luhr‘ on the coefficient of recombina- 
tion of ions, however, showed that after this time, certain of the ions were 
undergoing marked changes. These investigators, employing methods and 
apparatus of considerable accuracy, studied the recombination of ions in air 
and other gases at normal temperatures and pressures over periods of time 
from 0.001 second to two seconds after ionization. They found that in the 
first 0.0125 sec. the value of the coefficient of recombination is not constant, 
but decreases sharply from a value several times greater to 1.2X10~-*. This 
high initial value, which had been observed before, was attributed by Plimp- 
ton® and independently by Loeb and Marshall® to the initial non-random 
distribution of ions in the gas; the positive and negative ions being formed 
in pairs, recombine more rapidly at first than after separation caused by the 
thermal agitation of the neutral molecules. This phenomenon has been treated 
by Loeb and Marshall,® who showed that it followed from the predictions of 
the Brownian movement equations when the ionic fields had been taken into 
account. 

Moreover, Luhr‘ found that, after this rapid initial drop, the value of a, 
the coefficient of recombination, did not become constant but continued to 
decrease, although at a very much slower rate. When the age of the ions was 
made as great as two seconds, values of a as low as 0.4 X10-* were found. 
Such a decrease in a could not be accounted for by any theory of recombina- 
tion which assumes an ion of constant dimensions. The only tenable inter- 
pretation seemed to be that the ions changed their character with time by 
picking up products formed by the intense hard x-rays to which the gas had 
been subjected. Evidence that this explanation was the correct one was found 
in the case of hydrogen in which no change in the value of the recombination 
coefficient with time was found. In this case no formation of impurities an- 
alogous to the formation of ozone, nitric oxides, H2Oe, and the like, as in 
mixed gases, could take place. Certain impurities, e.g. water vapor, are also 
always unavoidably present in small amounts which could combine to form 
nuclei with the above chemical reaction products. On this supposition, the 
smaller and faster ions recombine first leaving the slower and heavier ions to 
recombine more slowly. The conclusions to be drawn from such a decrease 
in the recombination coefficient will be considered later, but it may be noted 


3 L. C. Marshall, Phys. Rev. 34, 618 (1929). 

4Q. Luhr, Phys. Rev. 35, 1394 (1930). 

5S. J. Plimpton, Phil. Mag. 25, 65 (1913). 

6 L. B. Loeb and L. C. Marshall, Jour. Frank. Inst. 207, 371 (1929). 
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that @ is inversely proportional to the square root of the mass of the ion; 
hence an increase in mass would very properly result in a lowering in the rate 
of recombination. 

The very pronounced character of this effect in the case of ionic recom- 
bination made it obvious that the loading up occurring under these conditions 
must affect the mobility of ions aged over similar periods of time. Thus the 
existence and magnitude of a change in the mobility of ions formed under the 
same circumstances and in gases of the same degree of purity as those used in 
recombination measurements becomes of significance in gaining some insight 
into the nature of the gaseous ion. 

It was for the purpose of studying these problems that the experiments 
about to be described were carried out. The first attempts were made with a 
modification of the simple Rutherford alternating current method’ for mo- 
bility measurements with x-ray ionization. The construction of the apparatus, 
however, was such that ‘‘asymptotic feet” in the curves obtained could not 
be avoided, and the resolving power was, therefore, very small as is the case 
with all A.C. methods of this type. Hence any small change in mobility with 
age was undetectable.® In order to establish definitely the value of the mo- 
bility of ions produced in air by x-rays at normal temperature and pressure, 
and also to study the behavior of ions formed under such conditions as a 
function of their age, the apparatus was arranged so that the absolute method 
developed by Tyndall and Grindley® could be employed. This method is capa- 
ble of yielding quite accurate and consistent results and can easily be modified 
to study the effects of aging. It also has the highest resolving power of any 
accurate method. 


METHOD 


The essential features of the apparatus employed are shown in Fig. 1. A 
Coolidge x-ray tube, run at 80 K.V. and 4 m.a. pure D.C. under conditions 
particularly designed for extreme constancy of voltage and current, is used as 
the source of ionizing radiation. The beam of x-rays passes through two me- 
ters of air and a series of defining slits before reaching the chamber; the width 
and position of the beam in the chamber can thus be sharply determined. 
Perpendicular to the beam and in its path is a heavy brass disk from which a 
variable sector has been cut. As this disk is rotated x-rays are intermittently 
cut off or permitted to pass through to the chamber. Affixed to the same 
axle with the disk is a commutator having a single metal segment; the angu- 
lar width of the latter, as well as its position with respect to the sector cut 
from the disk, may be varied. Two brushes, separated by an angle slightly 
greater than that of the commutator segment, make contact with the com- 
mutator surface. These brushes are connected to the positive and negative 
terminals of a high potential battery bank, some point near the middle being 
grounded. As the commutator revolves, an intermittent alternating potential, 


7 Rutherford, Phil. Mag. 44, 422 (1897). 
8 Q. Luhr and N. E. Bradbury, Phys. Rev. 36, 1394 (1930). 
® Tyndall and Grindley, Proc. Roy. Soc. 110, 341 (1926). 
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shown in Fig. 2, is applied to the lower plate of the ionization chamber. By 
changing the relative setting of the commutator and sector opening, the phase 
position of the x-ray flash in the chamber with respect to the potential on the 
plates may be varied. When neither of the brushes is in contact with the seg- 
ment, the lower plate is maintained at zero potential by means of a half meg- 
ohm resistance to ground; at such times the space between the plates is 
field free. 

Ionization takes place between two parallel brass plates mounted on am- 
ber insulators in a heavy brass chamber with aluminum windows. The plates 
are approximately 10 X20 cm and 7.5 cm apart. The upper plate, upon which 
the ions are collected, is surrounded by a guard ring and connected to ground 
through an electrometer. The chamber has a heavy glass top (which serves as 
a mounting for the upper plate) sealed on with stopcock grease. Vapor from 
the grease, however, is prevented from coming in contact with the gas in the 
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Fig. 1. Diagram of apparatus. 


chamber by a special double seal and groove. A purifying system for the 
gases used is connected to the chamber, and the whole may be evacuated to 
10-4 mm. 

Standard technique was observed in the purification of the gases which 
were passed over CaCl, NaOH, and P2QO;, and through liquid air traps. Be- 
fore taking any measurements, the chamber was first pumped out as com- 
pletely as possible, flushed out with purified gas, and finally refilled with pure 
gas to atmospheric pressure. No difficulty was experienced in obtaining gas 
of sufficient purity to give the usual values of mobility. 

The lead defining slits outside the chamber are adjusted to give the beam 
a width of a centimeter or less and a position just grazing the lower plate. 
The commutator is set so that the x-ray flash occurs approximately in the 
position y7 of the cycle. (Fig. 2 shows the cycle of potentials applied to the 
lower plate.) The values of the potentials are adjusted so that V,, the retreat- 
ing potential, is approximately equal to 1.6V., the advancing potential. This 
is done in order that V,, acting during the time 67,, may be sufficiently great 
to clear the chamber of all ions. 

The operation of the cycle may now be considered in the following man- 
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ner: Let T be the time of one complete commutator revolution. Fractions of 
this period will be denoted by aT, BT, yT, and 6T as in Fig. 2. During the 
time y7, while the x-ray flash is in the chamber, and for a time 67 afterwards, 
the ions are acted on by the field V,. This field acts in such a direction that 
those ions whose mobility is being measured are drawn towards the lower 
plate. Hence at the end of 67, only a thin sheath of the originally formed ions 
(depending upon the magnitude of (y+4)7) remain ina layer just above the 
lower plate. A potential of the opposite sign and of magnitude V, is then 
applied to the plates, and the ions being studied are drawn towards the upper 
plate for a time aT. Ions of opposite sign are drawn back to the lower plate 
and cleared from the volume. Thus if aT is sufficiently long, all ions not 
caught by the lower plate at the conclusion of aT, will be caught by the upper 
plate and produce a deflection of the electrometer. If, however, aT is not long 
enough to draw all the ions across the space between the plates, the lower 
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Fig. 2. Cycle of potentials applied to lower plate by the commutator. Ions are formed 
during y7T, drawn toward lower plate during y7T and 5T, and drawn across volume to upper 
plate during a7. Volume cleared of all ions not caught at plates during BT. “A” shows cycle 
for new ions and “B” the cycle for aged ions. 


part of the sheath, or even all of it, will escape capture at the upper plate. All 
ions not caught at the upper plate at the conclusion of a7 are swept out of 
the volume by V, acting during 87. The volume is thus prepared for the repe- 
tition of the cycle, which is repeated at each revolution of the commutator 
and disk. 

The number of ions reaching the upper plate (and hence affecting the 
electrometer) during a cycle will depend upon the speed of rotation of the 
commutator. If the speed of rotation is too slow, 67 will be sufficiently long 
to permit V, to remove all the ions from the sheath before V, can operate, and 
the electrometer current will be zero. On the other hand, if the commutator 
speed is too high, aT will not be long enough to allow V, to draw any of the 
ions not caught during 67 to the upper plate, and again the electrometer cur- 
rent will be zero. Between these limiting speeds a maximum of current to the 
electrometer will occur. Tyndall and Grindley® show that the position of this 
maximum is given by 

aT = D/kV, 
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where k is the mobility of the ions, D, the distance between the plates, a the 
fraction of the commutator covered by the segment, 7, the period of one 
commutator revolution at maximum current to the electrometer, and V, the 
advancing field strength. It is seen that the expression is independent of the 
retarding voltage, V,, the width of the beam, and the time of retardation. 
These facts which arise from the mathematics of the cycle, were amply veri- 
fied by experiment. 

Since a, 8, y, and 6 are merely constant fractions, the times during which 
the potentials act are varied by varying 7. This is accomplished by driving 
the commutator and disk with a D.C. motor whose speed is variable and 
determined by the voltage from a direct connected tachometer magneto. 
Speeds are thus varied and kept constant at different points with considerable 
ease. A lead shutter is provided which may be interposed between the x-ray. 
tube and the brass disk. X-rays can thus be kept from the chamber while the 
disk and commutator are being brought to constant speed. When this shutter 
is removed, ionization takes place in the chamber and an electrometer deflec- 
tion is observed whose rate is proportional to the number of ions caught by 
the upper plate during each cycle. Changing to another speed and repeating 
the process gives a different rate of deflection, and a series of points taken in 
this manner may be plotted from which the position of the maximum rate of 
deflection is determined. Both V, and V, as well as a, 8, y, and 6 are kept 
constant while a run is being taken. The value of the speed, N, at the point of 
maximum current makes it possible to calculate T (=1/N) and with this the 
mobility k may be determined from the other constants of the experiment. 

Fig. 2 shows the two possible adjustments of the commutator system. In 
(A) aT follows immediately upon 5T and so-called “new” ions are studied. In 
(B), however, the entire insulated section of the commutator is allowed to pass 
after 67 before the ions are drawn across during aT. Ions are thus permitted 
to age in the gas for that length of time, after which their mobility is meas- 
ured. Two types of measurement are thus possible, and a change in mobility 
with age should result in a shift of the position of the maximum of the curve 
if other conditions are kept the same. 

In actual practice a was either 1/4 or 1/8 and y and 6 0.0194. Speeds of 
rotation were of the:order of magnitude of 15 to 300 r.p.m., and could be 
measured with an accuracy of 0.5 percent with the tachometer. V, varied from 
10 to 50 volts/cm depending upon the conditions of the experiment, and was 
read upon a 0-300 volt instrument which had been checked against the labo- 
ratory standard. In order to check upon any change of mobility in the gas 
during the time of measurements, runs were made in the following way: the 
commutator was set in the position to study aged ions, and sufficient readings 
taken to determine the position and shape of the maximum; the commutator 
was then shifted to the position for mew ions and the position of the peak 
again determined. If this latter value did not give the standard mobility 
determined from a long series of experiments on new ions, the readings were 
rejected. This was done in order that spurious effects resulting from an im- 
pure sample of gas might be eliminated, and was very rarely necessary. When 
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the commutator speed was very slow, some aging took place during a7. This 
was taken into account in making the check runs on new ions. 


RESULTS 


Measurements were carried out on both positive and negative ions under 
a variety of experimental conditions in an effort to determine the conditions 
of greatest resolving power consistent with maintaining measurable electro- 
meter currents. Changes in any of the factors not contained in the equation 


aT = D/kV, 


were never observed to influence the position of the peak, but only the magni- 
tude of the current and the slope of the curve. The average of all measure- 
ments on positive ions less than 0.08 sec. old gives 1.59 cm/sec. per volt/cm 
for the mobility of the positive ion in air at 20° and 760 mm. Under the same 
conditions the mobility of the negative ion in air is found to be 2.21 cm/sec 
per volt/cm. These values are in good agreement with those obtained by 
Loeb, and by Tyndall and Grindley® with absolute methods. The consistency 
of the values obtained is shown by the following series of values given by ten 
consecutive runs on different samples of gas. The mobility k was found to be 
for the 


Negative ton Positive ion 
2.21 2.18 1.56 1.61 
2.20 2.21 1.58 1.56 
2.20 2.21 1.56 1.58 
2.19 2.21 1.61 1.58 
2.22 + ee 1.61 1.60 


It is seen from these values that the normal ions formed by intense hard 
x-radiation are apparently identical with ions formed by photoelectric and 
radioactive methods—a result quite to be expected. 

After the value of the mobility of positive and negative ions of short age 
had been established, experiments were carried out on ions which had been 
aged for increasing intervals of time. This was done in the manner described 
above. Mobility curves taken under these conditions yielded quite different 
results. A series of curves for negative ions in air is shown in Fig. 3. It is seen 
that as the age of the ions is increased from 0.04 to 0.9 sec. the mobility drops 
from 2.22 to 2.04. This decrease, as evidenced by the shift of the point of 
maximum rate of electrometer deflections is accompanied by a distinct broad- 
ening of the curve at its maximum. This flattening of the curve seems to 
indicate the presence of a range of mobilities, although the resolving power of 
the apparatus is not sufficient to distinguish between two close groups. Un- 
avoidable experimental variations in the setting of the commutator caused 
slight changes in the slopes of the curves, but the change itself and its approxi- 
mate magnitude are very apparent. A similar series of curves was observed in 
the case of positive ions in air. In this case the lowest value observed was 1.46 
after 1.3 sec. aging. Greater ages than this could not be studied as the very 
slow commutator speed and decreased electrometer currents (owing to re- 
combination and loss of ions by diffusion) made measurements uncertain. 
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The possibility of attributing the observed effect to some defect in the 
apparatus or method has been carefully considered. The effect of space charge 
due to the cloud of ions of opposite sign to those measured has been shown to 
be negligible. During the y7’ and 67 parts of the cycle, these ions are driven 
away from the lower plate and remain in the volume throughout the aging 
period. The resultant effect of this cloud would be to draw the ions measured 
away from the lower plate with a consequent decrease in effective D. Hence 
an apparent increase in mobility would be observed. However, minimizing any 
effect of space charge by narrowing the entering beam to 3 mm gave no change 
in observed mobilities. Further, a delay in the charge leaking off the lower 
plate through the half megohm resistance would cause a7 to be longer than 
calculated when new ions were being measured. This would result in high 
values for new ions and a consequent apparent decrease in the mobility of 
aged ions. However, the fact that the time constant of the system was only 
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Fig. 3. Curves showing effect of aging upon negative ions in air. Right hand arrow indi- 
cates normal positions of peak for new ions. Left hand arrow indicates position of peak taken 
for calculation of aged ion mobilities. 


10-* seconds speaks against this possibility as does the fact that the substitu- 
tion of a lower resistance did not change the values of mobility previously 
obtained. Furthermore, a definite gap of several degrees was left between the 
5T and aT phases in the case of aged ions to give the same conditions as exist 
in the new ion measurements. 


DISCUSSION OF RESULTS 


It has been pointed out by Luhr that the only plausible explanation for 
the continued decrease in the value of the coefficient of recombination is one 
which assumes some of the ions to load up with impurities formed by the 
intense x-radiation. From J. J. Thomson’s theory of recombination the mag- 
nitude of this increase in mass which would give the observed value for the 
recombination coefficient was calculated, and found to be roughly ten times 
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the original mass of a new ion. Such a change in ionic mass must necessarily 
result in a considerable increase in ionic dimensions, though the exact magni- 
tude of this increase cannot be calculated without much more exact knowl- 
edge as to the nature of the clustering and the molecules involved. At any 
rate, the increase in the radius of the ion will cause a decrease in its mean free 
path, neglecting any effects of the charge on the ion. Moreover, this change 
will be more pronounced the fewer the molecules in the cluster. Now all 
mobility equations, with the exception of that deduced by Loeb,'° which em- 
ploys mass points as ions, contain either the mean free path directly, or a 
term which is closely related to it or to the ionic radius. The effect of this term 
in the equations is either one of proportionality or of even greater weight in 
the case of the rigorous Langevin equation. Hence a change in the mass of the 
ion which would double its radius and halve its mean free path would cause a 
theoretical decrease in the mobility to at least half the normal value. Yet such 
an increase in the radius of the ion is of the order of that predicted on recom- 
bination coefficient measurements. Such a decrease has not been observed 
either in these experiments, or in the less rigorous experiments of Luhr and 
Bradbury. It should be pointed out that, in the mobility measurements car- 
ried out by the methed of Tyndall and Grindley, the majority of the positive 
and negative ions are not aged in each other’s presence, so the selective effect 
of recombination in removing the smaller faster ions is not wholly operative. 
Hence, unless all the ions age at the same rate, a sharp effect would not be 
obtained. The experiments of Luhr and Bradbury, on the other hand, which 
employed the Rutherford alternating current method, permitted the ions to 
be aged together so that recombination of the faster ions could take place be- 
fore the mobility measurements were made. Although this method was of 
insufficient resolving power to detect small changes in mobility, a change of 
greater than twenty percent would have been readily apparent. The negative 
results thus obtained, even with the advantage of selective recombination, 
preclude all possibility of any change in mobility with age to a degree at all 
comparable with that predicted by theory. Hence if the increase in ionic di- 
mensions takes place as seems probable from recombination measurements, 
this discrepancy between theory and experiment in the case of ionic mobilities 
must point to some important and inherent defect in even the most rigorous 
theoretical equations which have so far been developed. The extent of the 
inadequacy of the mobility equations and the error in the assumptions in- 
volved will be considered in another paper. 

In conclusion the author wishes to express his sincere appreciation of the 
interest and suggestions of Professor L. B. Loeb in the carrying out of these 
experiments. 


10 L. B. Loeb, Kinetic Theory of Gases, McGraw-Hill 1927, p. 468. 
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THE RESIDUAL IONIZATION IN AIR AT NEW HIGH 
PRESSURES, AND ITS RELATION TO THE COSMIC 
PENETRATING RADIATION! 


By James W. Broxon 
UNIVERSITY OF COLORADO 


(Received April 10, 1931) 


ABSTRACT 


Measurements of the residual ionization in air were made with a new spherical 
chamber of 13.8 liters capacity at pressures up to 170 atm., at an altitude of 5400 ft. 
Lead and water shields were used. The slopes of the ionization-pressure curves con- 
tinued to decrease at the higher pressures, becoming zero in the neighborhood of 
130 to 140 atm. The ionization-pressure relation and the effects of shielding are ex- 
plained on the basis of the production of ions solely by secondary radiations excited 
in the walls of the vessel by the cosmic penetrating radiation. The theoretical conse- 
quences of such an assumption are discussed. 


EASUREMENTS of the residual ionization in several gases contained 
in a large chamber at pressures up to 80 atmospheres, were made a few 
years ago by the writer? and other students*® of Professor Swann. These ex- 
periments showed that the primary ionization due directly to any very pene- 
trating radiation was considerably less than that which would correspond to 
the residual ionization at atmospheric pressure. However, the observed in- 
creases in ionization per atmosphere increase in pressure at the highest pres- 
sures were usually of the order of magnitude of the ionization at atmospheric 
pressure attributed by other experimenters to the cosmic penetrating radia- 
tion. Later, in 1926, Swann‘ found that the ionization at all pressures up to 68 
atmospheres increased with altitude in accordance with the theory that a 
primary cause of the ionization consists of an ultrapenetrating radiation hav- 
ing its origin outside our atmosphere. 
In order to investigate further the residual ionization and particularly its 
relation to the cosmic radiation, a new ionization chamber® was constructed 
and arrangements made for rather elaborate shielding. 


APPARATUS AND MATERIALS 


The chamber was formed by excavating a spherical cavity 11-23/32 inches 
in diameter from a cylindrical, nickel-steel ingot 15-1/8 inches in diameter and 
17-3/8 inches long. The volume occupied by the air under investigation was 


1 Reported at the Cleveland meeting of the American Physical Society, December, 1930. 

2 J. W. Broxon, Phys. Rev. 27, 542 (1926). 

3K. M, Downey, Phys. Rev. 16, 420 (1920); 20, 186 (1922); H. F. Fruth, Phys. Rev. 22, 
109 (1923), 

4W. F. G. Swann, J. Frank. Inst. 209, 151 (1930). 

5 J. W. Broxon, J.0.S.A. and R.S.I. 18, 403 (1929). 
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13805 cc. The central electrode, guard system and ebonite insulation were 
incorporated in the form of cones in a plug which was seated upon a narrow 
fiber gasket. This chamber sustained a hydraulic test pressure of 5000 Ibs. per 
sq. in. for half an hour with no indication of weakening. 

The chamber was mounted approximately in the center of a wooden tank 
14 ft. in diameter and 13.5 ft. high, in the basement of Macky Auditorium at 
the University of Colorado, Boulder, at an altitude of 5400 ft. and latitude 
40°N. The chamber could be surrounded by a cylindrical lead shield 2 in. 
thick. This could be covered by a water-tight hood 2 ft. in diameter and 2 ft. 
high, and surrounded by water. The photograph, Fig. 1, shows the ionization 
chamber with the hood removed and part of the lead shield in position. A 
Brown recording thermometer bulb was inserted in a small hole drilled about 
4 in. into the bomb near its base, the entire instrument being insulated care- 
fully at the potential of the bomb. The connection with the central electrode 
was effected by means of a wire stretched along the axis of a 2 in. pipe. 





Fig. 1. Photograph of apparatus. 


The air used in these measurements was dried, freed from dust, and al- 
lowed to age at least + weeks in each instance. 

The ionization chamber was never allowed in any building which had 
contained radioactive supplies. Care was also taken that the shields be as free 
as possible from radioactive contamination. The lead shield was cast from 
discarded overhead telephone cable sheaths. The water used was the city tap 
water. The source of the Boulder city water consists entirely of surface water 
from the Arapahoe Glacier and snow deposited between the altitudes of 10200 
and 13500 feet. This is brought down to the city through iron pipes which are 
nowhere imbedded to any appreciable extent. While making a survey of the 
radioactive waters of Colorado several years ago, Dean O. C. Lester tested 
the Boulder city water and was unable to detect any radioactive content. 
The ionization currents measured provide evidence that the ionization cham- 
ber and shields were rather unusually free from radioactive contamination. 

The pressures were measured by means of an American-Schaeffer and 
Budenberg gauge, calibrated by the U.S. Bureau of Standards. The applied 
compensating potentials were measured by means of a Jewell Instrument 
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Company voltmeter calibrated at a few voltages by the Bureau of Standards 
and over the entire scale in our own standardization laboratory by means of 
a standard resistance and potentiometer. The induction coefficient of the 
auxiliary or compensating condenser was measured by a null method of mix- 
tures, the electrometer being used as the indicator and the comparison being 
made with a new variable standard air condenser constructed by Giinther 
and Tegetmeyer. Comparisons were made with six different settings of the 
standard condenser. The average of these gave 26.3 cm as the induction co- 
efficient of the compensating condenser relative to the central system, a value 
agreeing fairly well with an approximate calculation from the dimensions of 
the condenser. The corresponding induction coefficient of the ionization cham- 
ber was found to be about 4.5 cm at local atmospheric pressure. 
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‘ig. 2. Diagram of electrical arrangement. 
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PROCEDURE 


As shown by the wiring diagram, Fig. 2, the same sort of arrangement was 
employed in measuring the ionization as in the former investigations. The 
Wheatstone bridge was incorporated for the purpose of determining the di- 
electric constant of the air as discussed elsewhere.* The method of ionization 
measurement has been described carefully, particularly by Swann. Distinct 
advantages of the arrangement consist of the provision for electrical shield- 
ing, eliminating almost entirely the possibility of effects due to the solid di- 
electrics, and the employment of the electrometer merely as an indicator, thus 
eliminating effects due to possible changes in sensitivity. In the present in- 

* Reported at the meeting mentioned in note 1. The complete report constitutes the suc- 
ceeding paper of this issue. 
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stance, the auxiliary condenser was fixed and the compensating potential was 
applied to this rather than directly to the ionization chamber. Thus the rate 
of application of the compensating potential was directly proportional to the 
ionization current whereas with the other arrangement the change in the 
induction coefficient of the ionization chamber relative to the central system 
with variation in pressure of the gas must be considered. 

On account of inductive effects, the detailed construction of a guard system 
is very important. Termini of the system used here are shown in Figs. 3 and 4 
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Fig. 3. Longitudinal section of ionization chamber. 


which represent longitudinal sections of the ionization chamber and the 
auxiliary condenser, respectively, drawn approximately to scale. This system 
proved to be very satisfactory. Because the guard system in this case was 
necessarily in electrical contact with the earth, particular care had to be taken 
to insulate all other portions of the set-up from earth, including the sources of 
e.m.f,. 

Of course, it was exceedingly important to ascertain that saturation cur- 
rents were being measured. No appreciable decrease of the ionization current 
could be detected when the applied P.D. was decreased about 20 percent 
when the largest currents were being measured at the highest pressures. 
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Therefore it is considered certain that saturation currents were measured 
throughout. It should be noted in this connection that although the high 
pressures necessitated low mobilities, the largest ionization currents were 
very small and hence practical’ saturation was not difficult to establish. 
When tests were to be made the air was admitted slowly into the ioniza- 
tion chamber to a maximum pressure of about 170 atmospheres. If measure- 
ments were made immediately after filling, larger values were obtained than 
after the establishment of equilibrium conditions. Therefore, from two to six 
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Fig. 4. Longitudinal section of compensating condenser. 


hours were always allowed to elapse after filling the chamber before measure- 
ments of the ionization were begun. After three or four measurements, each 
over about an eight minute interval, had been taken at a given pressure, the 
pressure was usually decreased by three to six atmospheres at the higher 
pressures. Then at least half an hour was allowed to elapse before any meas- 
urements were taken at the lower pressure. Extension of this period to several 
hours in some instances had no effect. The gas leak was slight, although it was 
found necessary to remove the bomb and tighten the large plug after making 
two or three sets of observations. 


7 L. H. Gray, Proc. Roy. Soc. A130, 524 (1931); pp. 527-528. 
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OBSERVATIONS 


The observations have been represented graphically. In Fig. 5 the ioniza- 
tion current in ions/cc-sec has been plotted against the total pressure in at- 
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mospheres at 18°C. It may be worth mentioning in this connection that the 
slopes of the curves are so small in the region where the departure from 
Boyle’s law is considerable, that if the ionization is plotted against the gas 
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density instead of the pressure, the curves obtained are scarcely distinguish- 
able from those shown here. Curve I was obtained with no shielding other 
than that provided by the heavy steel walls of the ionization chamber, by 
the building, and by the atmosphere. Curve II was obtained with the cham- 
ber surrounded by the 2-in. lead shield; curve III, with no lead shield but 
with the tank filled with water; and curve IV, with both the lead and water 
shields in position. The ionization current in each instance was measured at 
pressures between atmospheric pressure and about 170 atmospheres. At the 
higher pressures observations were made at shorter intervals than in the 
lower pressure region previously investigated. 

The data represented by the curve of Fig. 6 were obtained with the lead 
shield in position and with the air in the bomb maintained at pressures be- 
tween 166 and 169 atmospheres. Here the ionization was again plotted along 
the ordinate axis, but the abscissae represent the position of the surface of the 
water in the tank. Depth of the water level beneath the center of the bomb is 
designated by negative values, and height of the water level above the center 
of the bomb is designated by positive values. The end points designated by 
two concentric circles represent data recorded in Fig. 5. The one representing 
no water in the tank gives the maximum ionization of curve II, while the one 
representing the tank filled with water gives the maximum ionization of curve 
IV. 

DISCUSSION 


One rather striking feature of the measurements is the very low value of 
the ionization measured in each case at the local atmospheric pressure. These 
values varied from 2.26 with no shield to 1.45 ion/cc-sec with both shields, at 
0.82 atm. and 18°C. The smallness of these values together with the fact that 
the percentage decrease in the ionization due to shielding was in each instance 
only slightly less at atmospheric pressure than at the highest pressures, indi- 
cated that the ionization chamber, itself, was remarkably free from radio- 
active contamination. 

The ionization-pressure curves resemble those obtained previously, over 
the pressure range of the earlier observations. In particular, there is a close 
correspondence between curve II, Fig. 5, and the curve obtained by Swann‘ 
with a similar lead shield at Colorado Springs at about the same altitude. The 
ratio of his values to those of curve II at corresponding pressures is 1.87 at 100 
Ibs./sq. in., but decreases to 1.32 at 500 lbs./sq. in. and then only to 1.29 at 
his maximum pressure of 1000 Ibs./sq. in. or about 68 atm. His larger values 
at low pressures are probably due mostly to a slight radioactive contamina- 
tion of the older chamber, while the nearly constant ratio at the higher pres- 
sures is of about the magnitude to be expected when the increased shielding 
provided by the heavier walls of the bomb and the building in the present 
instance is considered. Obviously, a better method of comparison is one based 
upon the differences between the absolute values of the ionization observed in 
the two instances at corresponding pressures. Thus there is an increase of only 
about 1.7 ion/cc-sec in this difference in the pressure interval from 500 to 800 
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Ibs./sq. in., and practically no further variation at higher pressures. At the 
higher pressures, then, where the effects of chance radioactive contaminations 
become inconsequential, the forms of the curves become identical, showing a 
remarkable agreement between the two independent investigations. 

The most interesting portions of the ionization-pressure curves lie in the 
new pressure range. In every case the pressure rate of increase of ionization is 
seen to have continued to decrease at the higher pressures, and the slopes of 
the three curves obtained with the chamber shielded are zero at pressures 
above about 130 atm. In curve I there appears to be a possible continued slope 
of about 0.04 ion/cc- sec: atm. at the highest pressures, but in the other three 
curves the slopes at the high pressure ends certainly are not greater than 0.02 
ion/cc:-sec-atm. over a range of 40 atmospheres, and probably are consider- 
ably less. 

It would appear, then, that the immediate cause of the ionization was a 
radiation which was almost entirely absorbed at a pressure of 130 atm. If the 
source of this radiation were in the gas itself, the ionization should have con- 
tinued to increase with the pressure. If the source were outside the chamber, 
either it would have been absorbed entirely by the shields or it would not have 
been absorbed considerably by the gas. Presumably, then, the source of the 
ionizing radiation was in the walls of the ionization chamber. 

That the primary cause of the ionization was a much more penetrating 
radiation is shown by the continued decrease in the ionization produced by 
successively greater shielding. It seems that the situation might be explained, 
then, by the assumption that the primary cause of the ionization in the cases 
of the three lower curves was a very penetrating radiation which excited in 
the walls of the vessel a softer radiation, perhaps recoil electrons, and that the 
ionization was almost entirely due to this secondary radiation. That none 
should be excited in the gas, itself, seems remarkable in view of the amount 
of air present in the chamber at the high pressures, but if any appreciable 
portion of the secondary radiation were to originate in the gas, surely the 
ionization would continue to increase with the pressure to a correspondingly 
appreciable extent at all the pressures. 

That the source of the radiation capable of penetrating the lead shield was 
above the level of the chamber is shown clearly by Fig. 6. Apparently, local 
gamma-radiations were practically entirely absorbed with the lead shield in 
position, since variation of the water shield below the level of the chamber 
had very little effect in this case. That local y-radiations did contribute to the 
ionization with the chamber unshielded, is shown by the value, 58.21 ions/cc 
-sec, designated by an x in Fig. 5 and measured with no lead shield but with 
the water tank filled to the center of the bomb. 


Absorption coefficient of the primary radiation 


The decreases in ionization produced by the shields were of sufficient mag- 
nitude to give fair estimates of the average absorption coefficients of the 
primary radiation in the materials used. As has been pointed out, the ioniza- 
tion recorded in the shielded curves at the high pressures may be considered 








1328 JAMES W. BROXON 


to be due entirely to the penetrating radiation. The maximum values of the 
ionization in curves I, II, III and IV are 69.14, 52.00, 45.43 and 42.60 ions 
ce-sec, respectively. In the case of the lead shield, if we assume exponential 
absorption and disregard obliquity, we have for lead w= [log.(45.43/42.60) | 
/5.08 =0.0127 cm. Proceeding similarly in the case of water, we obtain 
u= [log.(50.38/42.60) ]/166 =0.0010 cm='. In this case, the thickness of the 
water shield has been taken as the 5.45 ft. depth of the top of the hood be- 
neath the highest level of the water, and the initial intensity as that measured 
with the water level at the top of the hood, which would be correct if the 
radiation were directed entirely vertically. 

In the case of the water shield we may calculate an upper limit for the 
absorption coefficient by assuming that the radiation approached the cham- 
ber uniformly from all directions above the horizontal. In the case repre- 
sented by Fig. 6, the decrease in ionization was produced by horizontal disks 
of water placed above the chamber. If P is a point on the axis of a thin disk 
of thickness ¢ and radius a, at a distance x from the disk, while the total in- 
tensity of all radiation originally approaching P through the solid angle 27 
on the side next the disk is Jo, then the intensity of the radiation arriving at 
P after having passed through the disk is 


le 
y! 2 


tan”! (a/r) (1+a2/ x2 
l~= of e H#tsee® sin Od0 = nf y*eludy, 
0 1 


The latter integrand may be expanded into a series which is uniformly con- 
vergent in the region designated. When this is integrated and terms involving 
powers of ¢ higher than the first are discarded, the value obtained is 


Ta = Io{1 — (1 + a2/x®)-/? — pt log. (1 + a2/x?)'/2], 


Now 2zr[1—(1+a?/x?)-"?] is the solid angle subtended by the disk at P. 
Therefore, J){1—(1+<a?/x?)-"/?] is the intensity of the radiation which would 
have approached P through the solid angle subtended by the disk if the disk 
had been absent. Therefore, the decrease in intensity of the radiation arriving 
at P due to the presence of a disk of radius a and thickness dx at a distance x, 
i 


Nn 


— dI = plo log, (1 + a?/x?)'/2dx. 


Then when the ionization chamber is so situated that its dimensions are small 
in comparison with both a and x, the slope of the absorption curve obtained 
by shielding with disks in the above manner is 


—_ dI/dx = plo log. (1 oe a?/x?)'/2, 


If from Fig. 6 we take the values J) =42.6, —dI/dx =9.1/196.6, a=7 and 
x =6.45, we obtain 4 =0.0028 cm~!. This, of course, merely represents an 
upper limit for the average yu in water, just as the value first calculated repre- 
sents a lower limit. Due to the absorption of the walls of the building and to 
the great absorption of the atmosphere in directions approaching the hori- 
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zontal, the penetrating radiation would be much more intense in the vertical 
direction providing it entered the atmosphere with uniform intensity in all 
directions. 

The values obtained for the average absorption coefficients agree quite 
well with those obtained by others® for the cosmic radiation. It should be 
emphasized, however, that this investigation was not planned for the purpose 
of determining coefficients of absorption, and does not permit their accurate 
evaluation. It is chiefly because the values obtained might be expected to be 
of the right order of magnitude, and because they do agree with values yielded 
by experiments designed primarily with this end in view, that they are men- 
tioned. The approximations show quite unequivocally that the prime ionizing 
agency consisted of the “cosmic penetrating radiation.” 


Explanation of the ionization-pressure relation 


In a former paper® the author deduced J~-P relations which would follow 
from various assumptions as to the origins and characteristics of the ionizing 
radiations. The rather complicated combination chosen to represent the ex- 
perimental curves was necessitated largely by the fact that the ionization 
passed through a minimum as the size of the chamber was varied. As has been 
pointed out, it appears that the ionizing radiations in the present instance 
must have originated in the vessel walls. This would necessitate a continuous 
increase in ionization with decrease in the size of a thick-walled vessel, be- 
cause of the corresponding increase of the ratio of area to volume. In view of 
the present measurements it is strongly suspected that the variation of ioniza- 
tion with size of vessel obtained in the former experiments depended partly 
upon a chance radioactive contamination of the outer, high-pressure chamber. 
In the case of the two smaller containers which were constructed at the same 
time under the same conditions, the ionization increased with decrease of 
size. 

Let us now make some very simple assumptions which can only be ex- 
pected to lead to a very rough approximation of the observed relation. Sup- 
pose the ionization to have been due entirely to recoil electrons generated 
uniformly throughout the walls of the vessel by the cosmic radiation. Sup- 
pose further that these were all emitted in directions normal to the spherical 
surface (an exceedingly crude assumption) and were absorbed linearly both 
in the vessel walls and in the gas. As a preliminary step in the investigation of 
the variation with pressure of the ionization which would be produced under 
such circumstances, let us consider a still simpler case. 

If we plot the ionization per cm of path of a homogeneous beam of line- 
arly absorbable, parallel rays against the distance from their origin, we ob- 
tain a straight line. The intercepts of this line upon the coordinate axes re- 
spectively represent the maximum or initial ionization per cm of path along 
the beam, and the range of the beam or the distance from the origin within 


8 V. F. Hess, “The Electrical Conductivity of the Atmosphere and Its Causes,” p. 138. 
® J. W. Broxon, Phys. Rev. 28, 1071 (1926). 








1330 JAMES W. BROXON 


which total absorption occurs. The area of the right triangle enclosed by the 
straight line and the coordinate axes represents the total ionization which the 
beam can produce. Also, the portion of the area of this triangle which is in- 
cluded between the ionization,cm axis and a normal to the distance axis at 
any point represents the ionization produced within that distance from the 
origin. 

Suppose, for some reason, we should want to deal with the ionization due 
toa precisely similar beam after it had traversed the first quarter of its range. 
Everything would be represented as in the previous instance by a right tri- 
angle formed between the coordinate axes and a straight line. This triangle 
would also have the right angle at the coordinate origin and would be similar 
to the first one in every respect, but corresponding dimensions would be just 
three-fourths as great as in the first instance. If we desired to deal with a 
similar beam after it had traversed the first half of its range, we should ob- 
tain a similar triangle with dimensions half as great as in the first instance. If 
three-fourths of the range had been traversed, the similar triangle would have 
dimensions only a quarter as great as the first, etc. If, then, we were to have 
all four of the above mentioned beams starting normally from a certain plane 
such as the inner surface of an ionization chamber, and ionizing simultane- 
ously, we might represent the ensuing ionization by means of the four tri- 
angles, piling them one upon the other. If they were cut from pieces of paper 
and fitted upon the coordinate axes in the proper manner in the order of de- 
creasing size, a sort of pyramid would be formed. The total volume of the 
the paper pyramid could then be considered to represent the total ionization 
produced by the four beams. Moreover, the volume included between a plane 
normal to the distance axis at the origin and another normal to the distance 
axis at any given distance from the origin would represent the ionization 
produced by the four beams within that distance from the surface of origin 
of the beams. 

If the ionizing radiation in the present investigation originated through- 
out the walls of the ionization chamber and proceeded normally to the inner 
surface in the simple manner that has been postulated, it would not be homo- 
geneous upon entering the chamber, but the corpuscular velocities would 
be distributed practically uniformly between zero and a maximum. In other 
words, we might consider that at the inner surface the beam would consist of 
an enormous number of similar parallel beams with the then untraversed por- 
tions of their ranges distributed uniformly between zero and a maximum for 
electrons just starting at the inner surface. The ionization in this case, then, 
could be represented by a pyramid similar to the one above, but with the 
steps smoothed out. Or the entire pyramid might be thought of as being com- 
pressed into the base triangle, forming a right triangular mass with a density 
varying directly as the distance from the hypotenuse, the line which would 
represent the variation with distance from the inner surface, of the ioniza- 
tion/cm due to a homogeneous beam of electrons originating at the inner sur- 
face. If, then, we think of a triangle endowed with mass and with a density 
varying in the above manner, we need only change from area to mass in order 
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to change from a homogeneous beam to a nonhomogeneous beam of the 
above type. This procedure appeals to the writer as preferable to continuing 
with the pyramid. The intercept, a, on the ionization/cm or y-axis may be 
considered to represent the ionization per cm of path due to a corpuscle of 
maximum velocity, and the intercept, }, on the distance axis, to represent the 
maximum range. The total mass of the triangle would represent the total 
ionization which could be produced by all the electrons entering the chamber. 
Also, the mass of the portion of the triangle included between the ioniza- 
tion /cm axis and a normal to the distance axis at any point would represent 
the ionization produced by the nonhomogeneous radiation within that dis- 
tance from the surface of entrance of the radiation into the chamber. 

In the present instance, if tertiary radiations, etc., be disregarded, the 
ionization recorded at any pressure would represent the ionization produced 
within an effective distance from the wall approximately equal to the product 
of the inner diameter of the chamber and the pressure, and hence approxi- 
mately proportional to the pressure. Hence we may consider the pressure, P, 
to represent distance in the present case. 

If we write the equation of the hypotenuse of the triangle in the form 


mP—y+a=0, 


where m = —a_/b, the normal distance from the hypotenuse to any point (P, y) 
within the triangle is equal to (mP—y+a)/(m?+1)"?. 
Therefore, we may express the ionization, 7, at pressure P in the form 


P mP+a 
k/(m? + 1)! : far [ (mP — y+ a)dy 
0 0 


| ka®?/6b(a? + b?)'/2](302P — 3bP2 + P), 


~ 
ll 


k being merely a proportionality constant. 

I», the maximum ionization produced, is found by putting P=). Hence 
Im = ka*b?/6(a? + b*)"2, 
and 


I = 1,(3P/b — 3P2/b2 + P*/b3). 


This equation holds, of course, only for 0S PSb. Pressures greater than b 
correspond to complete absorption of the ionizing radiation, and hence to a 
constant J=7,,. 

In this case there is little seeking for arbitrary constants. /,, is the final 
maximum ionization and b is the lowest pressure at which this maximum is 
obtained. In curve III, for instance, J,,=45.43. In this case the maximum 
ionization appears to occur first at about 130 atm. However, the pressure 
rate of increase of J at high pressures is so very small that the actual maxi- 
mum range probably corresponds to a somewhat higher pressure. Taking 
b=140 atm., the values represented by the open circles in Fig. 7 were ob- 
tained. These are rather low between 1 and 60 atm. 
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Arbitrarily assuming 4/5 of the final maximum ionization to be due to 
radiation of the above type with a maximum range corresponding to 150 atm. 
in the bomb, and the remaining 1/5 to be due to a similar radiation with a 
maximum range corresponding to 40 atm., the values represented by crosses 
in Fig. 7 were obtained. These fall very close to the experimental curve. 

The actual situation must have been much more complicated than that 
postulated in the above analysis. For instance, the initial recoil electrons 
would not be expected to be emitted in none but radial directions, and there 
would probably be several consequent radiations with decreasing energy con- 
tent. It is hoped that a more careful analysis with more likely assumptions 
may be effected in the future. However, the writer opines that these consid- 
erations show, in so far as the observed J—P relation is concerned, that it is 
reasonable to assume the ionization to have been produced entirely by second- 
ary radiations, perhaps recoil electrons, excited in the walls of the vessel by 
the primary penetrating radiation. 


and oCalcula 
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Significance of the the recoil electron assumption 


If the explanation suggested above is correct and the ionizing radiation 
really consisted of recoil electrons, their range in the air should give some 
information concerning the penetrability of the primary radiation. Millikan 
and Cameron" have shown in detail how to calculate by means of Compton’s" 
equations the range of the recoil electrons which would be generated by a 
very penetrating radiation of known coefficient of absorption. In the present 
instance we may proceed in precisely the reverse order. 

If we consider recoil electrons of range about 140 diameters of the bomb 
at 18° C or 38 meters in air at N. T. P., and use the 1926 procedure of Milli- 
kan and Cameron based upon the work of Bohr and Varder, we obtain 
10.94 x 10° volts for their initial energy. According to the empirical formula 
found by Feather” to hold for penetrating 6-rays, the energy would be 
10.09 x 10° volts. As Millikan and Cameron pointed out, at such high energies 

10 R, A. Millikan and G. H. Cameron, Phys. Rev. 28, 851 (1926). 


1 A. H. Compton, Phys. Rev. 21, 483 (1923). 
2 N. Feather, Phys. Rev. 35, 1559 (1930). 
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the Compton theory predicts the equipartition of the energy of the incident 
quant between the recoil electron and the scattered quant. Thus, using the 
first value above, the primary radiation would have an energy-value of 
21.89 x 10° electron-volts, or a wave-length of 0.00052A. Substitution of this 
in the Compton absorption formula gives an absorption coefficient in water of 
0.0025 cm“. 

The agreement of the value of uw just calculated with the experimental 
values is rather startling in view of the fact that the Compton theory, based 
upon the older quantum mechanics, is now in bad grace. Klein and Nishina™ 
have calculated for the scattering coefficient, which may be regarded as the 
absorption coefficient for sufficiently high frequencies, 


a 2nNe* | 1+ af 2(1 + a) 
7 m*c4 | a? L 1+ 2a 





1 
— —log (1+ 20) 
a 


au Ss _— 1+3a ) 
so (1+ 2a)?$° 


In this formula, based on wave-mechanics, a =hv/mc’, e is the electron charge, 
m the electron mass, ¢ the velocity of light, v the frequency of the incident 
radiation, and NV the number of “external” electrons per cc. S represents loss 
of energy from the incident radiation due both to the energy transferred to 
the scattered radiation and to the recoil electrons. It was obtained directly 
by multiplying the expression 


e‘ 1 + cos? 6 f (1 — cos @)? 
I= Io a 1 +a? - — 
2m*ctr? 1 + a(1 — cos a) st (1+ cos?) [1 +a(l— cos 6) | f 











for the intensity of the radiation scattered per electron at an angle @, in terms 
of Io, the intensity of the incident radiation, by v/v’, the ratio of the fre- 
quencies of the incident and scattered radiations, and by Nr*dQ/Jo, and in- 
tegrating over the entire solid angle about a point. If we proceed in the same 
manner without multiplying by the term v/v’, we obtain 








=|" (1 + 2a) + a—-a-1 4a?+ 6a + *| 
7 2a’ a*(1 + 2a) 3(1 + 2a)? J 


mc4 


This represents loss of energy by virtue of the scattered radiation alone, and 
corresponds to V times Compton’s'" ¢,, or “true scattering coefficient” per 
electron. 

The ratio (S—S,)/S=E/hv, where E is the energy of the scattered elec- 
tron, is the ratio of the mean energy per scattered electron to the energy of an 
incident quant. If we take E=11X 10° electron-volts, we find the last equa- 
tion is approximately satisfied by \ = 0.000892A. With this value of the wave- 
length of the incident radiation we obtain S=0.020 cm~ for water, and 
E/hv =0.8. Thus, according to the Klein-Nishina theory, the energy at very 


13 Q, Klein and Y. Nishina, Zeits. f. Physik 52, 853 (1929). 
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high frequencies is not distributed equally between the scattered quant and 
the recoil electron, but most of it is absorbed by the latter, the recoil electron 
in the present instance absorbing 4/5 of the energy of the incident quant. 
Using the supposedly observed range of the recoil electrons, we have calcu- 
lated by the Klein-Nishina theory an absorption coefficient for the primary 
penetrating radiation which is one order of magnitude higher than that calcu- 
lated by the Compton theory and found experimentally. 

An absorption coefficient of 0.0024 cm of water corresponds, according 
to the Klein-Nishina formula, to a primary wave-length of about 0.00006A. 
Substitution of this in the above expression for E/hy gives 1.8 X 10° electron- 
volts for the energy of the recoil electrons. If we consider the range of an 
electron of high energy content to be proportional to its energy, the range 
to be expected according to this theory is about 38 X 180/11 =622 meters in 
air at N. T. P., some 16 times that assumed to have been measured in this 
investigation. 

The two theories of scattering agree very well in the x-ray region, but 
differ greatly at very much higher frequencies, as shown above. The Klein- 
Nishina theory has recently been found by several investigators" to agree 
much better with observations in the region of very penetrating y-rays than 
does the Compton theory. This would indicate that the final, constant maxi- 
mum ionizations observed in the present investigation do not correspond to 
complete absorption of the recoil electrons. If, on this basis, the suggested 
explanation in terms of some sort of secondary radiation from the walls of the 
vessel is considered entirely untenable, then it seems to the writer that the 
true explanation must depend upon some characteristics of gaseous ionization 
at high pressures or of absorption in that region, which are not known. 

In this connection it may be mentioned that Skobelzyn® has observed by 
the Wilson cloud method paths which he considers to have been due to recoil 
electrons excited by the cosmic radiation, and whose energy he has estimated 
from the curvature of the path in a magnetic field, to have been about 15 x 10° 
volts at the beginning of the observed portion of the path. He points out 
that this value was to be expected on the basis of the older theory but is in- 
clined to discard it in favor of the newer, and suggests the possibility of the 
corpuscles originating outside the expansion chamber, or of the mechanism 
of absorption of energy in the region of such high frequencies being of a differ- 
ent sort from that ordinarily postulated in Compton scattering, perhaps 
with the ejection of H particles from the nuclei. (Note also the suggestion of 
nuclear absorption in the papers of reference 14.) “In diesem Zusammenhang 
kénnte man auch an die Méglichkeit, dass die H-Strahlen mit der Energie 
von dem Betrage der “Ultra-y-Energie” erzeugt werden kénnen, denken. 
Diese H-Strahlen wiirden die Geschwindigkeit von der Ordnung 1,5 bis 2.10!° 


4 C, Y. Chao, Nat. Acad. Sci. Proc. 16, 431 (1930); Phys. Rev. 36, 1519 (1930). G. T. P. 
Tarrant, Proc. Roy. Soc. 128, 345 (1930). D. Skobelzyn, Zeits. f. Physik 65, 773 (1930). L. 
Meitner u. H. H. Hupfeld, Zeits. f. Physik 67, 147 (1931). 


18 PD. Skobelzyn, Zeits. f. Physik 54, 686 (1929). 
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haben.” Taking the lower of the values suggested and Rutherford’s' value 
of 3.07 X 10° cm/sec for the initial velocity of an H atom of range 28 cm in 
air, and assuming the ranges proportional to the cubes of the velocities, we 
have R=0.28(15/3.07)' =33 meters in air, a value comparable to the range 
of the secondary radiation discussed in this paper. Of course, the “Ultra-y- 
Energie” has been calculated on the basis of absorption measurements and 
the assumption of electron scattering, so that it is questionable as to what 
weight may be given the suggestion. If one might suppose that such positive 
corpuscular radiations could produce considerably more ionization than the 
recoil electrons in the present instance, however, there would be a possibility 
of using the notion in explaining the observed variation of ionization with 
pressure. 

Possibly it is worth while pointing out that in so far as the present in- 
vestigation indicates the very considerable importance of secondary radia- 
tions excited by the cosmic radiation and suggests by virtue of their relatively 
low penetrating power that they are corpuscular in nature, the penetrating 
corpuscular radiations detected by some investigators!” may be suspected of 
being secondary in nature. 

It would appear to be a rather conservative conclusion, on the basis of 
the experiments herein presented, that the ionization in a closed vessel which 
is properly attributable to the penetrating radiation depends to a considerable 
extent upon the vessel and other circumstances. Such dependence does not 
seem to have been taken into account, for instance, by Hulburt!’ in calculat- 
ing the contribution of the cosmic penetrating radiation to the ionization of 
the free atmosphere at various altitudes. He takes as the value at sea-level, 
1.4 ion/cc sec which was the value measured by Millikan in two different 
electroscopes. But in the case represented by curve II, with a 2-in. lead shield 
at an altitude of 5400 ft., only 52 pairs of ions were actually produced in 
1 sec in a region which was occupied by a quantity of air which would occupy 
about 159 cc at N. T. P. Presumably, this ionization was due partially to 
energy absorbed from the penetrating radiation by the walls of the vessel as 
well as by the air itself. It would seem, then, that the ionization produced by 
the cosmic radiation in the atmosphere, if free from dust or other suspended 
particles, would be considerably less than that calculated on the basis of 
1.4 ion/cc-sec at sea-level. This situation has been emphasized by Swann!® 
on the basis of the earlier ionization-pressure experiments. To quote: “Thus, 
the actual ionization in the vessel, due to primary and secondary emission 
from the gas, will be less at one atmosphere than at any higher pressure. If 
then, the ionization-pressure curve should show a very small increase of ioni- 
zation per atmosphere increase at high pressures, we know from the above 
that such increase per atmosphere is nevertheless greater than the portion 


1% FE. Rutherford, Phil. Mag. 37, 537 (1919). 

17 W. Bothe u. W. Kolhérster, Zeits. f. Physik 56, 751 (1929). B. Rossi, Accad. Lincei, 
Atti 11, 478 (1930). L. F. Curtiss, Phys. Rev. 34, 1391 (1929), 

18 E. O. Hulburt, Phys. Rev. 37, 1 (1931). 

19 W. F. G. Swann, Bull. Nat. Research Council 3, part 2, 65 (1922). 
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of the ionization due to primary and secondary action in the gas within the 
vessel at one atmosphere. We may infer that any greater ionization found at 
atmospheric pressure is to be attributed to radiation from the walls of the 
vessel; this radiation, owing to its absorption at the higher pressures, results 
in a diminishing rate of increase of ionization with pressure. .. . If one were 
to accept this parallelism without reservation, he would be forced to con- 
clude that the portion of the ionization within the vessel which was attribut- 
able to the direct or indirect action of the (penetrating) radiation on the gas 
was immeasurably small.” 

Naturally, if one ionization chamber is used by each observer throughout 
his investigations, values of the absorption coefficient of the penetrating 
radiation measured by different observers should agree fairly well, as they 
do.’ However, the estimates of the intensity of the radiation based upon ioni- 
zation measurements would be expected to differ and such agreement as 
exists probably depends upon the fact that no vast differences have existed 
among the experimental conditions. The writer is inclined to believe that dif- 
ferences in the effects of secondary radiations may in some instances play 
even a more important part than the “zeros of their instruments”*’ in explain- 
ing the lack of agreement among different experimenters as to the.intensity 
of the primary cosmic radiation. 


Dependence upon time 


The question of the variation with time of the natural ionization in gases 
has been a matter of investigation for a good many years, with a great deal 
of resultant disagreement. Very recently a diurnal variation in the ionization 
produced by the cosmic radiation has been observed by Millikan*' and by 
Hess.” They both agree that this ionization is somewhat greater during the 
day than during the night, an indication of which was formerly observed by 
the writer.” 

Hess explains the variation on the basis of penetrating radiation originat- 
ing in the sun, while Millikan considers it to be due to variations in atmos- 
pheric absorption, and shows a correlation with variations of atmospheric 
pressure. Whatever the explanation, it has probably occurred to the reader 
that this effect might serve to explain the constancy of the ionization ob- 
served in this investigation at the very high pressures. If the ionization at 
the highest pressure were observed when the intensity of the cosmic radia- 
tion happened to be at a minimum and if the ionization at successively lower 
pressures were measured with an increasing radiation intensity, a high-pres- 
sure slope which might have existed could the measurements at different 
pressures have been made simultaneously, could conceivably have been com- 
pensated. However, this was not the case. Millikan*! found the intensity of 
the cosmic radiation to pass through a maximum in the late afternoon and a 


20 R. A. Millikan and G. H. Cameron, Nature 121, 19 (1928). 
21. R. A. Millikan, Phys. Rev. 36, 1595 (1930). 
2 V. F. Hess, Nature 127, 10 (1931). 
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minimum at night or in the early morning. In the cases of curves I-IV, the 
observations at the highest pressures were begun in the respective instances 
at 5:31 p.m. Apr. 26, 4:14 p.m. May 24, 6:00 p.m. July 19, and 3:23 p.m. 
June 21, 1930. In the cases of curves I, II and IV the low pressure ends of the 
practically horizontal portions of the curves at about 130 atm., were reached 
at about 2:00 a.m. of the following days, and in the case of curve III, at 
midnight. Atmospheric pressure was usually reached by the evening of the 
second day. 

The observed constancy of the ionization at the high pressures might 
therefore be considered to constitute evidence against variations of the type 
mentioned. This need not follow when it is considered that we have here only 
three instances of extreme constancy. In particular, during the period of the 
observations for curve II a sensitive barograph was kept in the room with 
the other apparatus where the temperature was very uniform, and no fluctua- 
tions of more than 1 mm occurred during the entire period. The barometric 
pressure was not observed in the other instances except in connection with 
the readings at atmospheric pressure, whence a similar constancy may have 
happened to exist. However, the observed constancy of ionization, in connec- 
tion with the way the end points fit into the curve of Fig. 6, otherwise ob- 
served Aug. 16-17, tends to provide interest in a careful investigation of the 
variation with time of the ionization in the vessel at the very high pressures. 

In conclusion, the writer desires to express his sincere appreciation of 
assistance received from several sources. Funds in aid of this research were 
provided by the American Association for the Advancement of Science. The 
Mountain States Telephone and Telegraph Co. on behalf of the Bell System 
provided some two tons of lead. The staffs of the several Engineering Depart- 
ments of the University rendered very generous assistance; in particular, 
Professor S. L. Simmering and Mr. C. A. Wagner of the Department of Me- 
chanical Engineering compressed all the air used in this investigation. Assist- 
ance in recording observations was given by Professor G. B. Williston and by 
Messrs. Louis Strait, J. M. Porter, Sydney Hacker and Ralph Warren. The 
photograph was taken by Mr. R. A. Merrill. Professor Swann has read and 
criticized the paper. 
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THE DIELECTRIC CONSTANT OF AIR AT HIGH PRESSURES! 
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ABSTRACT 


The dielectric constant of aged, dry, dust-free air was measured at pressures up 
to 170 atmospheres by an electrometric method. It was found to increase linearly 
with the pressure. 


| jeetaienaidoege quoted values of the dielectric constant of air at high 
pressures are those obtained by Tangl,? in 1908, at pressures up to 100 
atmospheres. In 1913, Occhialini and Bodareu*® made measurements up to 334 
atmospheres. In both these investigations, the Clausius-Mossotti relation was 
found to hold. Both Tangl* and Occhialini® had announced in earlier papers, 
however, that the Clausius-Mossotti relation did not hold. 

More recent measurements of dielectric constants have been made largely 
by means of modern high-frequency methods. These have been criticized by 
Cagniard® who has drawn attention to the very large variations among the 
values of the dielectric constant of air at atmospheric pressure obtained by 
these methods by various observers, and has contrasted them with the better 
agreement among values obtained by the older methods. 

Very recent investigations by Keyes and Kirkwood?’ of the dielectric con- 
stants of carbon dioxide and ammonia have given interesting information 
concerning their variations over large ranges of density, and the considerable 
deviations from the Clausius-Mossotti relation. 

In the present paper are presented measurements of the dielectric con- 
stant of dry air between pressures of 0.821 and 169.4 atmospheres at 18°C, 
made by a method closely resembling that of Occhialini and Bodareu.® 


PROCEDURE 


In connection with recent measurements of the residual ionization’ in air 
at high pressures, the mere addition of a Wheatstone bridge to the equipment 
otherwise required, and the measurement of two resistances, yielded the 
values of the dielectric constant of the gas at the various pressures at which 
observations of the ionization were made. The reader should refer to the 


1 Reported at the Cleveland meeting of the American Physical Society, December, 1930. 
2 Tangl, Ann. d. Physik 26, 59 (1908). 

3 Occhialini and Bodareu, Ann. d. Physik 42 (1913). 

4 Tangl, Ann. d. Physik 23, 559 (1907). 

5 Occhialini, Phys. Zeits. 6, 669 (1905). 

6 Cagniard, Ann. d. Physique 9-10, 460 (1928). 

7 Keyes and Kirkwood, Phys. Rev. 36, 754 (1930); Phys. Rev. 36, 1570 (1930). 
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preceding paper® on the residual ionization for details regarding apparatus, 
conditions of experimentation and procedure which it is considered unneces- 
sary to repeat here. 

The wiring diagram is given in Fig. 2 of the preceding paper. The applied 
potential difference was impressed across the high resistance system, R, r’, 
r’’, and leads run from this to the ionization chamber S (see also Fig. 3 of 
preceding paper), the guard system, and the exterior cylinder of the auxiliary 
condenser C (also see Fig. 4 of preceding paper), in order to eliminate effects 
of fluctuations of the applied P.D. At each pressure, before observations of 
the ionization current were begun, the apparatus was “balanced” by adjust- 
ing the resistance contacts until no deflection of the quadrant electrometer 
occurred when the large P.D. was suddenly applied or withdrawn from the 
high resistance system. Due to the rather large residual ionization currents 
at the high pressures, an accurate balance could be obtained at these pres- 
sures only by adjusting the resistances so that sudden removal of the im- 
pressed P.D. caused no permanent variation in the small deflection which 
existed at the instant of removal. 

If we designate by V, and V, the absolute values of the potential differ- 
ences between the guard system and the outer conductors of the ionization 
chamber and the auxiliary condenser, respectively, and by ga and qa the 
corresponding induction coefficients of these relative to the central system, 
then we have under the above conditions of balance, 


gail’s - gail. 


This relation is readily established by the following considerations. Let Vi, V2 


V3, V4 and V; be the respective potentials of the central system, the ioniza- 
tion chamber, the outer cylinder of C, the guard system, and the needle. 
Let gu, Ge1, Ys1, Gai and gs; be the corresponding induction coefficients of these 
relative to the central system. Then the charge on the insulated central sys- 
tem may be expressed by 


Oi - guVi + gaiV's + gaiV'3 + gals + qoiV’s. 


Suppose, for convenience, we consider the potential of the guard system to 
be the arbitrary zero. Then when the P.D. across R is suddenly removed Q,, 
V, and V; individually remain constant, and in order that V; may remain 
constant while V2. and V; are each reduced to zero, we must have 


gaiVs + gail’s = 0 
or 


go1/qs1 = V3/V2 -_ Lin 
Now we may put 
V./V. = R./R.; 
where R. and R,, respectively, represent the resistances at balance between 


§ Broxon, Phys. Rev. 37, 1320 (1931). Preceding paper in this issue. 
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the auxiliary condenser and the guard system and between the ionization 
chamber and the guard system, across which, in series, the total P.D. of 
about 1050 volts was applied. Substituting, we have 


qu = gai(R./R,). 


The auxiliary condenser, C, being fixed and always at atmospheric pressure, 
gai: remained constant. 

If, now, the ratio R./R, be plotted against the total pressure in the ioniza- 
tion chamber, the intercept of this curve upon the ratio axis represents 1/qs) 
of the value of gx with the ionization chamber entirely evacuated, while 
other points on the curve represent 1/q3: of the values of go: at the correspond- 
ing pressures. Hence the value of R./R; at any pressure, when divided by the 
intercept value, gives the dielectric constant of the gas in the chamber at that 
pressure, referred to K =1 in vacuo. 


OBSERVATIONS 


The curve of Fig. 1 was obtained in the above manner. The circles repre- 
sent observations made with the ionization chamber unshielded and the 
crosses represent values obtained four weeks later with the lead shield in 
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position. The two sets of readings give values of R./R, at some 35 distinctly 
different pressures distributed well over the range. It is seen that both sets of 
points fall remarkably close to a straight line. Inasmuch as the curve remains 
straight over a range of nearly 170 atmospheres, and further, since Wolf® has 


* Wolf, Phys. Zeits. 27, 588 (1926). 
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found that the dielectric constants of the chief constituent gases of air vary 
linearly with the pressure to small fractions of an atmosphere, it was con- 
sidered justifiable to extrapolate by continuing the straight line to zero pres- 
sure. Division of the ordinates of the curve by the intercept so obtained, 
shows that the dielectric constant of air increases uniformly by 555 X 10~ for 
each atmosphere increase in pressure at 18°C. 


DISCUSSION 


If (K—1)/P=const., then insomuch as oa, the density of the air, varies 
from proportionality with P, (K—1)/o can not be constant. Also, the 
Clausius-Mossotti relation 


(K — 1)/o(K + 2) = const. 


can not be true. 

The present investigation, then, confirms the constancy of the first ratio, 
and denies the constancy of either of the latter ratios, unless the variations 
in either of these lie within the limits of the experimental error. 

This latter possibility deserves careful consideration. According to the 
Landolt-Bérnstein tables (1923), Amagat found the values of PV and hence 
P/o for air at 16°C to pass through a minimum in the neighborhood of 80 
atmospheres, increasing at higher pressures and reaching atmospheric value 
at about the upper pressure limit of the present measurements. Using these 
values and the observed values for K at 18°C, the values of (K—1)/¢ are 
found to pass through a corresponding minimum about 2 percent less than 
the value at atmospheric pressure. (K —1)/o0(K +2) is similarly found to pass 
through a minimum at about 90 atm., which is about 3.7 percent less than the 
value at atm. pressure. 


Accuracy of the measurements 


The resistances were measured by means of a Leeds and Northrup port- 
able bridge. Individual resistances of this bridge have a guaranteed accuracy 
of only 0.1 percent. However, an investigation of the particular coils used in 
this instance showed the error to be only about 0.01 percent in the resistances 
measured, apart from inaccuracies in the bridge ratio-resistances, and these 
latter inaccuracies as well as errors due to temperature variations, cancelled 
in the ratio R./R,. The error in a particular value of R./R,, then, was prob- 
ably about 0.02 percent. Since the same coil was used throughout for the first 
significant figure of R., a similar situation holding for R,, the fractional error 
in R./R, was in the same direction and of the same order of magnitude through- 
out, whence the fractional error in (R./R,)/(R./R,)° may be expected to be 
of one smaller order of magnitude than the error in a single ratio. Hence the 
error in K may be estimated to be of the order of 0.002 percent, or an error 
of less than 1 percent of (K—1) at all pressures above 4 atmospheres. Since 
the curve was not unduly weighted by the readings at atmospheric pressure, 
we may therefore expect an error of less than 1 percent in (K —1) throughout 
the range. 
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In the above, it is assumed that other conditions were ideal. It was not 
necessary that the resistivity of the materials constituting the measured re- 
sistances remain constant during a series of observations, but it was essential 
that no change of this type should occur between the time of “balance” and 
the time when the resistances were measured. No appreciable error could 
have occurred on this account. R consisted of about 102,000 ohms formed by 
winding coils of silk-covered high resistance wire of low temperature coeff- 
cient, in single layers over thin paraffined paper upon 108 long vertical brass 
tubes submerged in kerosene. 7’ and r’’ consisted of two large, open tubular 
slide-wire rheostats, each of about 3000 ohms resistance, shunted across two 
or three of the thousand-ohm coils of R, one on each side of the earthed point. 
The maximum current through any of these was of the order of 0.01 ampere. 
No appreciable heating occurred, and certainly no sudden changes in tem- 
perature were possible. The measured values were found in no instance to 
vary with the time interval between balance and the resistance measurement. 

Lead resistances were negligible. The largest ionization currents in parallel 
with the current in R, were only of the order of 3X 10-" amp. The sensitivity 
of the electrometer as an indicator of the condition of “balance,” with the 
P.D. employed, was sufficient to detect changes in the resistance ratio which 
could not be measured with the bridge. Constancy of the applied P.D. was 
not required. 

Errors in the corrected pressure gauge readings were probably of the order 
of 0.1 percent at the upper end of the scale. The atmospheric pressure could be 
determined with this accuracy, of course. With the temperature measuring 
device employed, and with the precautions taken to ensure equilibrium con- 
ditions, it is believed that the temperature of the air did not vary by 0.5°C 
from the recorded temperature in any instance. Moreover, the total varia- 
tions in temperature were very small. In the first set of readings the tempera- 
ture varied from 18.3°C to 16.85°C, and in the second set from 18.0°C to 
17.0°C over the whole range with the exception of the reading at atmospheric 
pressure which was made at a temperature of 16.8°C. In view of the small 
variations in temperature, reductions of pressures to equivalent pressures at 
18°C were made on the basis of the proportionality between P and the ab- 
solute temperature. 

The constancy of g3: may be appreciated when it is mentioned that the 
air in C was always at atmospheric pressure, and that during the second set 
of observations the atm. pressure did not vary by more than 1 mm of Hg. 

From the dimensions, form and material of the ionization chamber and of 
the central electrode, it appears that no appreciable errors could have re- 
sulted from their deformations at the high pressures. Considerations of vari- 
ous conditions, particularly of the agreement between the two independent 
sets of readings, lead the writer to believe that no appreciable disturbance was 
caused by deformations of the ebonite insulators. 

Perhaps the most outstanding advantage of this method of measurement 
is that it permits the use of a guard system which, when properly designed, 
effectively excludes the influence of the solid insulators due to their dielectric 
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properties, surface charges, etc. The necessary presence of solid insulators con- 
stitutes a perpetual hazard in other methods of measurement. 

In view of the above considerations it would seem that apart from per- 
sonal errors, an estimated error of 1 percent in the values of (K —1) and their 
pressure variations would not represent too optimistic an attitude, and that 
the investigation ought to be capable of testing the accuracy of the Clausius- 
Mossotti relation. As a further test of this conclusion, it was thought worth- 
while to calculate the value of R./R, which would have been required at 100 
atm. in association with the intercept value herein used, in order to provide 
the same value of the Clausius-Mossotti function at that pressure as at at- 
mospheric pressure. This value is designated by the small square in Fig. 1, 
and is seen to be decidedly farther from the curve than any but the first of 
the individual readings taken. 


Comparison with other investigations 


As mentioned above, there is a lack of agreement with the conclusions of 
Tangl? and of Occhialini and Bodareu® in that they found the Clausius-Mos- 
sotti relation to hold for air at high pressures. In earlier investigations both 
Tangl* and Occhialini® had concluded that the C— MW function decreased as 
the pressure increased, in general agreement with the present investigation. 
In this earlier paper Tangl concluded that (K—1) varied directly with the 
density. In his 1908 paper, although Tangl concluded that the C— M function 
was constant, the function actually decreased slightly, according to the tabu- 
lated values, with increasing pressure in the case of each of the gases investi- 
gated, hydrogen, nitrogen and air. 

(K—1)/o and (K—1)/P both decreased with increasing pressure in the 
case of hydrogen, and increased with increasing pressure in the cases of nitro- 
gen and air. In the case of air, the decrease in (K —1)/a0(K+2) between one 
and 100 atmospheres amounted to nearly 1.5 percent of its value at atmos- 
pheric pressure, about 1 percent less than the corresponding increase in 
(K—1)/P. 

In the region between 64 and 334 atmospheres, Occhialini and Bodareu 
found (K—1)/P to decrease about 10 percent, (K—1)/¢ to increase about 
4 percent, and (K—1)/e0(K+2) to show no unidirectional tendency, the 
fluctuations amounting only to about 1 percent. 

In connection with the increase in the C— J function observed in the 
present investigation at pressures above 90 atm., it is interesting to note that 
Keyes and Kirkwood’ found the function to increase in the case of carbon 
dioxide at high densities, approaching a constant value in the liquid state. 

The value of K for air at atmospheric pressure is of special interest. 
Tangl’s 1908 value for K at 1 atm. and 19°C is 1.000536. If this be reduced to 
1 atm. and 0°C on the basis of the constancy of (K —1)/P and of P/T in this 
interval, the value obtained is 1.000573. On the same basis, the values ob- 
tained in the present investigation are 1.000555 at 18°C and 1.000592 at 0°C. 
The corresponding value obtained by Occhialini and Bodareu on the basis 
of the constancy of the C— WV function is 1.000585. On the basis of sepa- 
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rate investigations some values obtained by other experimenters for air at 
N. T. P. are: Boltzmann (1875), 1.000590; Klemendéié (1885), 1.000586; Wai- 
bel” (1923), 1.000584; Carman and Hubbard" (1927), 1.000594. Cagniard® 
lists several others. 

To explain the differences between the conclusions of the present investi- 
gation and others cited does not appear to be a simple matter. It is perhaps 
significant that Tangl could not have eliminated entirely the effects of solid 
insulation in the compression condenser. Also, his results depended upon 
variations in the capacity of a movable plate condenser. In the investigation 
by Occhialini and Bodareu, extreme constancy of the e.m.f.’s of the batteries 
they employed was necessary. The relatively low potential differences they 
used would produce a smaller sensitivity than in the present instance, with 
the same electrometer sensitivity. In the present investigation, greater ac- 
curacy could have been secured by having ge: and qg3: more nearly equal, and 
by the employment of a more accurate bridge. Some difference between these 
observations and those of Tangl might be attributed to the fact that he re- 
moved both the water vapor and the carbon dioxide, whereas in this investi- 
gation only the water vapor was removed, together with possible dust par- 
ticles. : 

A feature of some interest consists of the very-small residual ionization 
of the compressed air used in this investigation, probably much less than in 
any other, and the fact that this ionization was determined at each pressure 
at which measurements were made. 


10 Waibel, Ann. d. Physik 72, 161 (1923). 
™ Carman and Hubbard, Phys. Rev. 29, 299 (1927). 
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ABSTRACT 

The specific heats, C, of oxygen at 26° and 60°C, nitrogen at 26° and 60°C and 
hydrogen at 50°C have been measured as a function of pressure over the pressure 
range 10 to 130 kg/cm*. A continuous flow method is used, by which the ratio of C, 
at a pressure Pp to (C,)o of the same gas at a pressure of one atmosphere is measured. 
The theory of the method shows that the experimental results are practically inde- 
pendent of the usual errors arising from heat leakage and the Joule-Thomson effect. 
Complete experimental curves as well as tabulated values are shown for C,/(Cp)o as 
a function of pressure. Details of construction and use of the apparatus are given. 


N A previous paper! the author has described an experimental method for 

determining the variation of the specific heat C, of a gas with pressure. A 
method of continuous flow calorimetry was used whereby the ratio of C, at 
a pressure p to (C,)) at a pressure of one atmosphere was measured. The pre- 
sent paper presents values of this ratio obtained by the use of improved ap- 
paratus over the pressure range of 10 to 130 kg/cm?, for oxygen at 26° and 
60°C, nitrogen at 26° and 60°C and hydrogen at 50°C. 


I. THEORY OF THE METHOD. 


A schematic representation of the new apparatus is given in Fig. 1. A gas 
at a high pressure enters a temperature-controlled bath at a where it comes to 
a fixed temperature. From the bath the gas in conducted through a heat inter- 
changer and then toa pressure reduction valve where the pressure is reduced to 
approximately one atmosphere. At the low pressure the gas passes through a 
second bath, (different in temperature by 10° from the first) and again passes 
through the heat interchanger and escapes. In the interchanger the two gas 
streams are in such intimate thermal contact that they emerge at approxi- 
mately the same temperature. The temperature of each gas stream is meas- 
ured just before it enters and leaves the interchanger at 7\, 72, 73 and 7’ 
where 7,—7=At and 74—73=Aty are the temperature changes in the high 
and low pressure streams respectively. 

After passing through the region where the interchange of heat takes 
place both gas streams are thermally connected to some conducting base (for 
wall) on which is mounted a conducting surface (inferchanger wall) which 
encloses the entire interchanger including some length of the gas conduits 
with their respective radiation-convection shields S,, S2, S; and Sy. With this 
construction it is possible to regulate the temperature of the heavy copper 


* National Research Fellow. 
1E. J. Workman, Phys. Rev. 36, 1083 (1930). 
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heater guard in such a way that the interchanger wall will be an isothermal en- 
closure equal in temperature to the heater guard. The conduits leading to and 
from the interchanger are of low thermal conductivity and arranged with the 
view of minimizing the net heat leakage through the wall of the interchanger. 

If we assume that a steady state of gas flow and temperature distribution 
has been attained, we see that there is an interchange of heat between the 
two gas streams, and that a simple relation exists between C, for each gas 
stream and the four measured temperatures indicated above. The resistance 
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Fig. 1. Schematic diagram of apparatus. 


to the flow of gas between the points where their temperatures are measured 
will give rise to a small Joule-Thomson temperature change in each stream. 
Let us indicate these temperature changes by wAp and poApp in the high and 
low pressure lines respectively. Also let g be a net amount of heat per gram of 
gas gained through leakage by the two gas streams. Since the pressure and 
temperature differences over each gas stream in the interchanger are small 
we Can now write 

q = C,[At + wAp| — (Cp)o[Ato + woApo] (1) 


where C, and (C,)o are average values over the temperature intervals indi- 
cated by At and Af respectively. Solving (1) for C,/(C,)o we have 





CG. a Alt + MoA po atl q/(Cp)o (2) 
(Cy)o At + wAp 
Expanding the right hand number of Eq. (2) we have 
- Alo 
en th a ee (3) 








VARIATION OF SPECIFIC HEATS OF GASES WITH PRESSURE 1347 


where ¢ is a correction term, given by the relation 


pA pAto q I uAp | 
- Se ee a, Cae Se 4 
° | At nny C,oJLAt Af (4) 


With the usual methods of flow calorimetry it is difficult to deal with 
correction terms of the type of ¢ in Eq. (3). It seems therefore that perhaps 
the greatest virtue of the method, outlined above, rests on the fact that it is 
possible to eliminate, almost completely, errors of this kind by interchanging 
the bath temperatures and taking the mean value of the two results thus ob- 
tained. If a set of temperature readings be taken when, for example 7) = 45°C 
and 73;=55° and a similar set taken for the reverse arrangement 7°; = 55° and 
T;=45° we see, when applying these readings toward the determination of 
C,/(C,»)o in Eq. (3) that the correction term is changed in sign but not ap- 
preciably in value in going from one arrangement to the other. This result is 
apparent from Eq. (4) if we bear in mind the fact that wAp does not differ 
greatly from woApo and that they are both small in comparison to the measured 
temperature intervals. Furthermore g is small in comparison to the amount 
of heat available for transfer between the two gas streams in passing through 
the interchanger and is approximately the same in each arrangement of bath 
temperatures. The fact that in either case, 7; and 7; do not differ much from 
the mean of 7; and 7; justifies the assumption that the factors which deter- 
mine the magnitude of g will be about the same in these two experiments. 

These arguments indicate that it is possible to conduct a set of experi- 
ments whereby a value of C,/(C,)o is obtained which, to a very high degree 
of approximation will be independent of the Joule-Thomson effect and small 
heat leakages of the type g. Moreover, if we assume that the values of the 
specific heats here involved have a linear variation with temperature over 
the small range 7, to 73, we see that C,/(C,)o becomes simply the value of 
C,/(Cp)o at the mean temperature (7+ 7>2)/2. 





RESULTs 

With apparatus designed with the aim of meeting the requirements set 
forth in the foregoing paragraphs, values for C,/(C,)o have been determined 
for oxygen at 26° and 60°C, nitrogen at 26° and 60°C and hydrogen at 50°C 
over the pressure range of 10 to 130 kg/cm?. In all cases the temperature 
difference in the two gas streams as they enter the interchanger (7;— 73) has 
been +10°C. 

The results of the measurements are shown graphically in Fig. 2 where 
(T4—Ts)/(1T1—T>») are plotted as ordinates against the pressure in kg/cm? as 
abscissae. In all these cases the upper curves are obtained when the bath 
temperatures are arranged such that 7 <7; i.e. when the high pressure gas 
is warmed and the low pressure gas is cooled in the interchanger. The lower 
curves represent the data for the reverse arrangement of bath temperatures. 
The mean curves in Fig. 2a, b, c, d and e give the values of C,/(C,)o as a 
function of pressure. 

In Table I values of the ratio C,/(C,)o for the gases studied are given with 
their corresponding pressures and molecular density ratios. The density 
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Fig. 2b. O, at 60°C, 
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Fig. 2d. N2 at 60°C, 





Fig. 2e. H2 at 50°C. 
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TABLE I. Values of Cp/(Cp)o. 





Pressure O,—26° O.—60° N.—26° N.—00° H.—50°C 


in kg/em? 
10 1.0160 1.0090 1.0137 1.0097 1.0013 
(9.6) (9.6) (9.7) (9.7) (9.7) 
30 1.0520 1.0355 1.0443 1.0322 1.0041 
(28.5) (28.8) (28.9) (29.1) (29.5) 
50 1.0880 1.0632 1.0746 1.0551 1.0072 
(47.1) (47.8) (48.3) (48.7) (49.7) 
70 1.1255 1.0901 1.1050 1.0780 1.0098 
(65.4) (66.6) (76.7) (68 .5) (70.3) 
90 1.1637 1.1162 1.1332 1.0991 1.0120 
(83.5) (85.4) (87.4) (88 .6) (91.4) 
110 1.2020 1.1420 1.1597 1.1194 1.0142 
(101.2) (104.2) (107.2) (109.1) (112.9) 


130 1.2410 1.1680 1.1860 1.1390 


ratios (number of molecules per unit volume at a pressure p over the number 


9°, 


at a pressure of one atmosphere) are given in parentheses.? The values of the 
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Fig. 3. C,/(Cp)o as a function of the molecular density. 


2 In making this transformation the PV values of Holborn and Otto have been used. 
Holborn and Otto, Zeits. f. Physik, 33, 1 (1925). 
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specific heat ratios were obtained from the carefully drawn mean curves. The 
probable error is less than 0.2 percent. The curves in Fig. 3 show C,/(C,)o as 
a function of the molecular density. 


DISCUSSION OF RESULTs. 


In the first part of this paper it is shown that the separation of the two 
experimental curves for each case given in Fig. 2 a, b, c, d, and e is due to the 
existence of a correction term ¢@ (Eq. 3). Although this term involves, as well 
as the Joule-Thomson effect, a small heat leakage gq, it is of interest to con- 
sider the Joule-Thomson effect alone.’ 

With oxygen and nitrogen the Joule-Thomson effect is a cooling effect 
under these conditions of temperature and pressure. In the series of experi- 
ments where 7°; <7; this cooling would therefore have the effect of decreas- 
ing the magnitude of 7,— 7» and increasing that of 74,— 73. As a result the 
values of C,/(C,)o calculated by the relation C,/(C,)o=(Ts—T3)/(T1— 72) 
would be too large. By similar reasoning we see that corresponding values 
would be too small when the reverse arrangement of bath temperatures is 
used. i.e. when 7; >7 3. A separation in this direction is observed in the cases 
of oxygen and nitrogen. With hydrogen, however, we expect the Joule- 
Thomson effect to warm the gases slightly under the conditions of this experi- 
ment. It is in this case where a large Joule-Thomson effect does not predom- 
inate in producing a separation of the curves that we see most clearly the 
effect of a small heat leakage. A further study of heat leakage in the case of 
hydrogen was made by increasing the flow of gas to double the normal rate. 
The increased flow of gas may alter the relationship between g and the regular 
interchange of heat. This would be shown by a change in the interval between 
the two curves. The dotted points of Fig. 2e show the effect of the increased 
flow for hydrogen, where the points above the mean curve are associated with 
conditions which produced the upper curve and the other points result from 
the inverse arrangement of bath temperatures. The symmetry in the position 
of the “dotted” points, with respect to the mean curve, gives additional proof that 
the mean value curve is independent of the term @ in Eq. (3). 

It is of interest to examine the curves for evidence of the Joule-Thomson 
effect in the region of lower pressures. If the rate of gas flow in grams per 
second remains constant, it is apparent that the volume of gas passed per 
second in the high pressure line of the interchanger will increase at the lower 
pressures with the result that the Joule-Thomson effect will come more and 
more into effect in this region. This is shown with remarkable certainty in all 
three gases. The behavior of hydrogen in this region is of peculiar interest be- 
cause the Joule-Thomson effect is observed as a warming effect instead of 
cooling as in oxygen and nitrogen. 

In passing the discussion of the curves presented here, it should be stated 


3 In this treatment we have not considered the effect of temperature on the specific heats 
of gases in relation to the interval between the curves. It is easy to show that such a considera- 
tion would give rise to a second term in Eq. (3) which, like ¢, almost completely vanishes in 
the mean curve. 
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that in general, care should be taken in attaching any particular significance 
to the shape of the upper and lower curves except in so far as the mean curve 
is affected. It must be remembered that the conditions of gas flow in the high 
pressure stream are different for all values of the pressure. As a consequence 
the temperature gradients along the conduit leading to the interchanger may 
change in such a way as to change the magnitude of the heat leakage. Indeed 
it has been possible in the case of nitrogen at 60°C to change the flow over 
such a wide range that g changed in sign. In connection with limitations just 
mentioned it may be of equal importance to say that to one using this method 
to study the specific heat of gases, the character as well as the position of the 
individual curves may point to the imperfections of the apparatus at hand. 
For example, we can be reasonably certain that in the present apparatus the 
net heat transfer q arises from an excessive heat conduction along the line 
leading from the low pressure bath to the heat interchanger. 

The data indicate that the heat leakage and the Joule-Thomson temper- 
ature effect are both within the allowable magnitude specified in the theory 
of the method. The intercepts of the mean curves on the pressure axis in- 
dicate that there is no trouble in measuring temperatures as was certainly the 
case in the work previously reported by the author.! The errors in this earlier 
work were due to the fact that the temperature gradients which gave rise to 
an error in temperature measurements in one region of pressure differed more 
in another region than was expected at that time. In the light of further work, 
however, it is made clear that this variation is to be expected when tempera- 
tures are measured as in the earlier work. 

The oxygen and hydrogen used in this work was obtained from the Phil- 
adelphia plant of the Paschall Oxygen Company, and the nitrogen from the 
Linde Air Products Company of New York City. By special analysis at the 
respective plants these gases were shown to be better than 99.5 percent pure. 
The gas was dried over phosphorus pentoxide before it was passed through 
the apparatus. 


DETAILS OF CONSTRUCTION AND USE OF THE APPARATUS. 


A simple scale drawing of the apparatus is difficult to realize because of its 
compactness and lack of symmetry in a single plane. Fig. 4 is a “sectional” 
drawing which may serve to show the actual construction of the several parts 
as well as the complete gas circuit. The scale is distorted but dimensions of the 
interchanger parts may be estimated if the various parts (thermometer tubes, 
shields etc.) are considered as drawn to scale, connected as shown but spread 
out laterally in the plane of the paper. The cylindrical boundary of the inter- 
changer must therefore be thought of as being 2.25 inches in diameter and 5 
inches long rather than 4.5 inches in diameter and 5 inches long as the scale 
might indicate. The same consideration must be made for the heater guard w 
which is 3 inches in diameter and 7 inches long. The high pressure gas con- 
duits, where low thermal conductivity is desired, are nickel silver tubes 
0.063 inches outside diameter with 0.010 inches wall. The corresponding low 
pressure tubes are of nickel silver with 0.125 inches outside diameter and 0.005 
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wall. Other tubes are drawn to a corresponding scale. All nickel silver parts 
are thinly gold plated. 

The gas circuit is as follows: Gas from the high pressure reservoir is con- 
ducted to the tube c through which it passes to the temperature controlled 
bath 6. The inner bath 7), being heat insulated from b serves to smooth out 
temperature fluctuations due to slight periodic changes in the heating cur- 
rent applied to the outer bath, which surrounds it. The gas stream now passes 
through the nickel silver tube e which conducts it through the boundary of 
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Fig. 4. Sectional diagram which shows the actual construction of the several 
parts of the apparatus as well as the complete gas circuit. 


the interchanger / to g where the light walled tube turns back sharply and 
is soldered, for thermal contact, to the copper radiation shield r. From m to j 
the conduit is developed into the form of a spiral helix which terminates at j 
where another shield 7 is attached. The circuit passes from j to the chamber 
s where nearly all the interchange of heat between the two gas streams takes 
place. From this enclosure the high pressure gas passes into a copper tube at 
u which winds about between the two copper walls v, to which it is soldered 
for thermal contact, leading to the nickel silver tube / which passes the gas 
through the outlet thermometer tube o. A radiation convection shield is 
soldered to / as shown. From the outlet thermometer tube the gas passes, 
along the path indicated, to the reduction valve f where the pressure is re- 
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duced. After passing the point s the gas at a pressure of approximately one 
atmosphere is conducted to a second temperature controlled bath a. The 
course of the low pressure gas through the apparatus is exactly similar to 
that of the high pressure stream except that in the region between ¢ and / the 
low pressure stream is constrained to move in a spiral path through the duct 
formed by the high pressure line and the two copper walls v. From the point 
g’ the low pressure gas escapes into the air. 

The temperature controlled baths are made by machining thick-walled 
copper tubes in such a way that one fits snugly inside an outer tube. Helical 
grooves cut on the smaller tube serve as a conduit for the gas streams. The 
two baths thus constructed consist essentially of a solid block of copper about 
5 inches long and 2.5 inches in diameter. The outer baths are equipped with 
electrical heating coils for maintaining constant temperatures while the inner 
baths are allowed to “float” at a temperature determined by the temperature 
of the gas which flows through them. The relative sizes of the outer and inner 
baths are represented approximately in the drawing. 

The interchanger, as will be seen, is constructed in such a way that the 
regions of large temperature differences are in its inner folds while the out- 
side is very nearly equal in temperature to the temperature of the two gas 
streams as they leave the interchanger. With this arrangement it is possible 
to have an isothermal surface / on the interchanger which can be thermally 
protected by keeping the temperature of the surroundings equal to the tem- 
perature of the surface. This is accomplished by means of the heavy copper 
heater guard w which is kept at the same temperature as the surface of the 
interchanger by maintaining a zero reading on a five junction copper-con- 
stantan thermocouple connected to their respective surfaces. 

The thermocouple which measures temperature change on the high pres- 
sure line has one end inserted in the hole d in the inner bath. It passes through 
a german silver tube e, a copper tube & and terminates in the thermometer 
tube p. Since the thermometer tube is very nearly equal in temperature to the 
interchanger surface and the heater guard, conduction from the interchanger 
along the thermocouple wire is minimized by passing the thermocouple wires 
through the tube k which is soldered to the heater guard. Practically the 
entire temperature gradient along the thermocouple wires exists along the 
length between the bath and the wall of the heater guard. Tube f is a thin- 
walled nickel silver tube which is soldered to 6 and extends through the first 
heater guard wall, having the purpose of protecting the wires and smoothing 
out the temperature gradient along them. Other thermocouples measure the 
temperatures of 7b and the heater guard to an ice bath. The temperatures on 
the low pressure side are measured by exactly similar methods. 

The temperature difference between the two baths is maintained at 10°C. 
Temperature gradients therefore exist between the points where the inlet 
temperatures are measured and some point inside the interchanger where the 
interchange of heat between the two gas streams starts. In order to minimize 
the net transfer of heat along the entrance tubes, it is desirable to prevent the 
interchange of heat for some distance after the gas streams pass through the 
boundary of the interchanger. To accomplish this, the tubes in addition to 
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being poor heat conductors are gold plated to give a surface of low emissivity 
to radiation at these temperatures. The radiation-convection shields 7 and r 
are of copper thinly gold plated. Small dewar flasks df and df’ further serve to 
isolate these regions. It is found by direct measurement that with these pre- 
cautions the temperature changes along the tubes from e to g and the cor- 
responding length e’ to q’ are of the order of 1 percent of the total changes. 
The thermal conductivity per unit length of the two inlet tubes is approxi- 
mately the same and since the temperature changes are in all cases almost 
equal and opposite, a compensating effect should reduce the net transfer of 
heat along them. 

On the outlet side little trouble with heat conduction is met, because the 
temperatures to be measured are so nearly equal to the surrounding temper- 
atures. The interchange of heat between the two gas streams has been made 
as complete as is easily possible in order to produce this condition of temper- 
ature equality at the outlet side. The amount of interchange is somewhat de- 
pendent upon the gas used and the condition of flow but for all conditions the 
difficiency in interchange does not exceed 0.2 percent. 

The enclosure defined by the walls v and h will therefore be at about the 
same temperature as the outlet thermometers and the shielding here repre- 
sented is considered adequate for the purpose of isolating the region where the 
temperatures are measured. Measurements are carried out at different tem- 
peratures and since it is desired to have similar conditions for each experi- 
ment the entire assembly is enclosed by a constant temperature boundary 
which in all cases is maintained at a temperature 10° lower than the mean of 
the two bath temperatures. This boundary is a temperature controlled cy- 
lindrical shell about 18 inches long and 6 and 8 inches inside and outside 
diameters. Since the difference in bath temperatures is always 10°C one will 
be five degrees and the other 15°C above the temperature of the enclosure. 
To prevent this temperature distribution from producing dissimilar condi- 
tions when the bath temperatures are interchanged the shield g which is 
thermally connected to w is provided. 

The temperature of enclosure x is controlled by a thermostat while the 
two bath temperatures are controlled manually by the observer. All temper- 
ature measurements are made by the use of five-junction constantan-copper 
thermocouples, used with a White double potentiometer and the usual aux- 
iliary equipment. 

The flow of gas is controlled by producing a constant rate of delivery to 
the low pressure bath. This is accomplished by maintaining a constant pres- 
sure on a capillary leak z (Fig. 2). In general the flow of gas on the low pres- 
sure side was maintained at 70 cc/sec. for oxygen, 80 for nitrogen and 160 for 
hydrogen. 

Pressure measurements were made with a high class Bourdon spring 
gauge developed for this work, in the shops of this laboratory. It was cali- 
brated against a dead weight gauge. 

The author is indebted to the staff of the Bartol Research Foundation for 
providing facilities for this work, and the United States Gauge Company for 
calibrating pressure gauge. 
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ABSTRACT 


In a paper on electrical resistance of nickel and permalloy wires as affected by 
longitudinal magnetization and tension, L. W. McKeehan pointed out that further 
investigation and discussion of some special questions regarding change of resistance 
of ferromagnetic substances in magnetic fields were highly desirable. In the present 
paper the following subjects are treated, partly on the basis hitherto unpublished 
measurements by the author. (1) Change of resistance in small fields. As the litera- 
ture shows, the question whether this is independent of the magnetic history of the 
sample is not yet settled. Anomalies often observed are not real. (2) The early satura- 
tion of the magneto-resistance effect, a condition which is reached in considerably 
weaker fields with ferromagnetic bodied than with para- and diamagnetic bodies. 
An explanation on the basis of the electron theory is suggested. 


INTRODUCTION 


N A very interesting paper on the change of electrical resistance of nickel 

and permalloy in longitudinal magnetic fields McKeehan! treated exten- 
sively the question of variation of the electrical resistance of permalloy in 
magnetic fields under the influence of tension as dependent upon the varia- 
tion of the nickel content of the permalloy. He finds certain phenomena which 
present a remarkable analogy with the change of resistance of ferromagnetic 
bodies in magnetic fields. For this reason he discusses in great detail the most 
important papers on magneto-resistance and elasto-resistance. 

In the present paper only the papers of the first group dealing with mag- 
neto-resistance will be discussed. McKeehan quotes as the most interesting 
of the recent papers in this field that of Fr. Vilbig.? Vilbig describes in this 
paper a number of strange phenomena, viz., change of sign of the effect, 
“stable” and “labile” curves, etc., which are supposed to be exhibited in the 
change of resistance of ferromagnetic bodies in small longitudinal magnetic 
fields. Such anomalies, in addition to normal curves, are to be found in al- 
most all previous papers of other authors. They are, however, most remark- 
able and most extensively discussed in the paper of Fr. Vilbig. For this reason 
McKeehan thinks it one of the most important problems to study and explain 
“the irregular progress of magneto-resistance changes in low applied fields.” 

In a detailed paper “Die Anderungen der elektrischen Leitfahigheit fer- 
romagnetischer Stoffe in longitudinalen Magnetfeldern”® the author briefly 


1L. W. McKeehan, Phys. Rev. 36, 948 (1930). 
2 Fr. Vilbig, Arch. f. Elektrotechn. 22, 194 (1929). 
3Q. Stierstadt, Phys. Zeits. 31, 561 (1930). 
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pointed out how these anomalies are to be explained. In this paper were also 
presented more accurate and previously unpublished measurements on the 
peculiarities in low fields of the curves in question. These often observed 
anomalies in low fields are further discussed in the present paper. 


Part I 


A brief discussion of some of Vilbig’s results is desirable. Fig. 1 shows the 
change of resistance of a nickel wire 0.051 mm in diameter over its complete 
magnetic cycle as observed by him. Remarkable are the frequent intersections 
of the various parts of the curve. Those in low magnetic fields, where the rela- 
tive change of resistance becomes negative, i.e. where it passes into a decrease 
of resistance, seem to be particularly interesting. These parts were very 
thoroughly investigated by Vilbig and he established a number of regularities 
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Fig. 1. Change of resistance of nickel. (Taken from Vilbig’s paper.) 





of which the most important are summarized here in order to make the follow- 
ing discussion clearer. 

He finds in the negative parts of the curves of hysteresis of resistance 
(Fig. 1) two types of curves, which he terms “stable” and “labile,” respec- 
tively. These types of curves appear when in the negative parts the field is 
no longer increased but is made to decrease from any point. The appearance 
of these curves depends upon whether this lowering of the field is produced 
before or after passing the minimum, and upon whether the zero line has al- 
ready been reached or passed before the field is lowered. Fig. 2, taken from 
Vilbig’s paper shows on an enlarged scale these “stable” and “labile” curves 
below the zero axis. Fig. 3 shows their appearance when on lowering the field 
the zero axis has been already passed. The number of arrows indicates the 
succession of the reversed variations of field. For more details, the original 
paper of Vilbig must be consulted. Unfortunately he makes no attempt to ex- 
plain the observed phenomena. 
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The present author examined these phenomena thoroughly and found 
that these observations are completely explained when a fundamental error 
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Fig. 2. Negative change of resistance of nickel. (Taken from Vilbig’s paper.) 


which underlies the whole paper of Vilbig is recognized. He writes in italics 
at the beinning of his paper that “the change of resistance dw vanishes at once 
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Fig. 3. Negative change of resistance of nickel. (Taken from Vilbig’s paper.) 


with the magnetic field.” This is, however, an error. On the contrary, the 
change of resistance in the magnetic field shows far-reaching analogies with 
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Fig. 4. Resistance hysteresis of nickel. 


ordinary magnetization. Above all it shows quite a definite residual magnet- 
ism, a coercive force, etc., as a curve taken from the paper of the present 
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author demonstrates (Fig. 4). This essential fact passes unnoticed by Vilbig. 
Even the component of the earth’s field may introduce errors, as found by 
measurements on very soft, extraordinarily pure, vacuum melted electrolytic 
iron (99.998 percent Fe). 

The wire samples should, therefore, be carefully orientated perpendicularly 
to the earth’s field for exact measurements. 

The measurements reported herein were taken in an exactly homogeneous 
magnetic field, provided by a magnetizing coil approximately 1 m in length. 
Vilbig used the field between the poles of an electro-magnet. With a pole dis- 
tance of 13 cm he considers the middle 5 cm as approximately constant. This 
field shows, however, according to his own calibration an increase of 20 per- 
cent from the minimum in the center at the ends of the 5 cm range used in 
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cdw/w 





is. 
Fig. 5. Lowering of the field before the minimum. 
Fig. 6. Lowering of the field in the minimum. 
Fig. 7. Lowering of the field after the minimum. 
Fig. 8. Lowering of the field in the zero line. 
Fig. 9 Lowering of the field above the zero line. 


measurements. It has, therefore, by no means the necessary homogeneity. 
Furthermore, in the present author’s apparatus the sensitiveness of the ar- 
rangement for measuring the relative change of resistance, dw/w, was one 
hundred times as great as that of Vilbig. Readings were taken with a Thom- 
son double bridge. As null instrument a mirror galvanometer of Siemens and 
Halske with magnetic shunt having a current sensitivity of about 10~* amp.: 
deg.— 1 at 450 degrees distance was used. For more details regarding the appa- 
ratus, especially the temperature protection of the wire and its arrangement 
and centering in the magnetic field, see the paper of the author referred to 
above.’ The samples tested measured 50-70 cm in length. 

Figs. 5 to 9 show in analogy to Vilbig’s work measurements of the change 
of resistance in low fields. The wire always had a residual magnetism at the 
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beginning of the measurements. Regarding the resistance, we shall term this 
state the “zero state.” On increasing the field at the beginning of the readings 
from J7=0 to J7=100—150 gauss and subsequently decreasing it to H=0, 
now on another increase of the field in the opposite direction, there were found 
apparent negative changes of resistance, which showed a minimum and a sub- 
sequent increase of resistance, i.e., the resistance becomes smaller at the 
minimum than in the zero state. 

These are the negative changes of resistance observed and investigated by 
Vilbig. Of course, differences in the course of the curves are to be expected 
here, so-called “stable” and “labile” curves, when the field is lowered, e.g., 
before or after reaching the minimum or the zero line. But then it would be 
equally justifiable to speak of stable and labile parts in the curve of magneti- 
zation. 

+dvy/w 
{ 







— -dw 
-30 -20 = ~-10 0 10 20 30 
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Figs. 10 and 11. Apparent negative changes of resistance of nickel. 


The observed effects are not, therefore, to be considered as anomalies of 
the change of resistance, but as inherent in the process of magnetization. On 
visualizing the course of magnetization for each variation of field in Figs. 5-9, 
one readily sees that with these low fields the relative change of resistance and 
the magnetization are quite analogous. The very marked, broad loop of the 
curves has its origin in the strong residual magnetism with nickel, notably in 
weak fields, which is by far greater than with all other ferromagnetics. With 
iron these phenomena are therefore much less developed and not so easy to 
observe although they appear quite in the same form and corresponding to 
the curve of magnetization. 

Figs. 10 and 11 demonstrate two other phenomena observed by the author 
and referred to in the paper of Vilbig as characteristic yet inexplicable. 
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Fig. 10 shows the gradual stabilization of the curves after a single or repeated 
passing of the minimum range. Fig. 11 shows that the value of the negative 
minimum of change of resistance depends on the strength of the magnetic 
field applied before in the reverse direction. A detailed discussion of these 
phenomena in connection with the process of magnetization appears unneces- 
sary after the preceding demonstration. 

It can therefore be stated quite generally that regarding the change of 
resistance of iron and nickel in longitudinal magnetic fields, there is always 
an increase of electrical resistance, which may be marked by the existence 
of coercive force /7. This generalization, however, is only clear after complete 
demagnetization of the wire before each measurement. These considerations 
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Fig. 12. Resistance hysteresis of annealed iron with carbon content. 


show, that it is the neglect of this fact which accounts for a number of earlier 
observations which demonstrate a reversal in sign of the effect in low fields. 

These statements are, however, not valid for high temperatures. W. 
Gerlach‘ found that with rising temperature the value of the magnetic change 
of resistance decreases steadily and finally, above the Curie point, turns into 
a decrease, while a loop is no longer formed. It is true, however, that for a 
temperature of as high as +200° C, Gerlach finds an example with quite a 
normal curve of resistance hysteresis. 

In the paper referred to above’ the present author emphasized that apart 
from incomplete demagnetization of the wires there are still other causes 
which may to a certain degree account for the change of sign described, e.g. 
soldering of the leads to the wire sample. In the magnetic field such contacts 
may give rise to thermomagnetic and thermoelectric effects, causing anoma- 


4 W. Gerlach, Zeits. f. Physik 59, 847 (1930); Ann. d. Physik 6, 772 (1930). 
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lous shapes of the curve, and in particular as observed, a change of sign. The 
superposition of such effects on the purely magnetic effects, described above, 
may considerably distort the form of the curve under certain conditions and 
therefore render difficult the unambiguous interpretation of the phenomena. 
On carefully avoiding all sources of error, there is invariably a normal curve 
of resistance hysteresis to be obtained, as shown for nickel in Fig. 4 and for 
iron in Fig. 12. According to these, the inner magnetization is invariably the 
factor which principally determines the resistance and not the outer mag- 
netic field. 

On the basis of this statement, the change of resistance, considered over 
the whole magnetic cycle need not necessarily show a loop as Figs. 4 and 12, 
unless the curve of magnetization of the material shows hysteresis. Gerlach* 
confirmed these results for nickel at high temperatures. The author showed on 
the other hand with pure electrolytic iron that the loop sensibly disappears. 
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Fig. 13. Change of resistance of electrolytic iron: I untreated, II annealed. 


Fig. 13 demonstrates this for two samples of electrolytic iron. Curve I is for 
a hard drawn, non-recrystallized wire. Curve II is for a sample, recrystallized 
in the usual way by two tempering processes and one drawing process be- 
tween. For the whole magnetic cycle, the relative change of resistance is de- 
termined unambiguously by the strength of the magnetic field applied. A de- 
tailed report is given in a paper “Zur Frage der Widerstandsiinderung von 
reinstem Elektrolyteisen in longitudinalen Magnetfeldern.”® 

With material of so high a degree of purity (impurities amounting to only 
1/1000 percent, contrary to ordinary technical iron) a very great influence of 
any mechanical stress and of the size of crystal grain on the relative change of 
resistance was found. Investigation of these influences is being carried on in 
the Laboratory of Applied Electricity of Goettingen University and will be 
reported elsewhere. 


5 Q. Stierstadt, Zeits. f. Physik 65, 575 (1930). 
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Part II 


In the paper cited above,! McKeehan expressed the need for solution of 
another problem, viz., the question as to the “early saturation of the mag- 
neto-resistance effect.” The following considerations may help to throw some 
light on the solution of this problem. 

With non-ferromagnetic substances saturation of the change of resistance 
begins only in very strong fields of an order of magnitude of 10°-10* gauss. 
With the ferromagnetic substances, however, the beginning of saturation of 
the change of resistance and of the magnetization coincide very nearly; with 
nickel and iron at B=6000—8000 and 20,000—25,000 gauss respectively. In 
these cases, of course, the internal fields are to be considered and not the ex- 
ternal fields. With the ferromagnetic bodies, therefore, the values for the 
strength of field for saturation are by the factor 10 or 100 lower than with 
para- and diamagnetic bodies. 

In the latter group P. Kapitza* made extended measurements which have 
only recently been theoretically explained by the work of N. H. Frank.’ In 
an extension of Sommerfeld’s theory of the magnetic change of resistance, 
Frank derives a formula which represents correctly the change for all field 
strengths. Frank’s formula is 

dR b- H? 
— = ———— (1) 
R 1+ c-H? 


where } and ¢ are individual atomistic constants, characteristic of each ma- 


terial, of the following form: 
Tr: X 6 
— (emlkT)4 —}, 2 
3 r( =] 2) 


(eld/h)?; (3) 


where ¢ is the elementary electrical charge, m the mass of the electron, / the 
mean free path of the electron, k Boltzmann’s constant, 7 the absolute tem- 
perature, A deBroglie’s wave-length of conducting electrons, and h is Planck's 
constant. 

By means of Eq. (1) the change of resistance in the magnetic field may be 
determined for any material when its characteristic constants are known. 
Frank made such a determination for some substances investigated by 
Kapitza and found excellent agreement, notably for the saturation value b/c 
as calculated from Eq. (1) for strong fields. 

Figure 14 shows the general course of the function (1) dR/R=f(J/) for any 
value of b and c (in the case plotted b =c =1): for small fields the ascent varies 
with the square, for the medium fields there is a fairly linear part near the 
point of inflection, and for very strong fields an approach to saturation. De- 
viations from this course are as yet shown only by the ferromagnetic sub- 


rs 
II 


c 


6 P. Kapitza, Proc. Roy. Soc. A123, 292 (1929). 
7 N. H. Frank, Zeits. f. Physik 60, 682 (1930); 64, 650 (1930). 
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stances in small fields, because here permeability u>1. The ascent goes here, 
where the internal field plays an important part, not with the second but with 
the third, fourth or even fifth power of B®. When the value of u approaches 
unity, however, according to the measurements available, the theory seems 
to hold for ferromagnetic bodies as well. 


1.0 











0.2+ —- —- ------ —— 











H (gauss) 


Fig. 14. Change of resistance in the magnetic field according to Frank-Sommerfeld. 


Now, for an electron which has the velocity v perpendicular to the direc- 
tion of the field, the following relation holds for the radius of curvature of 
its orbit: 

ell eH 


1 
—_—_—_— el OC J ( 4 ) 
r mv h 





where J is defined by the wave equation: 
mv = h/d; (5) 


the other symbols meaning the same as explained above. On comparing, ac- 
cording to Frank, Eq. (4) with (3) equation 


cH? = (l/r)? (6) 


results. Therefore the denominator of Eq. (1) differs from unity only when / 
becomes of the order of r or greater. When /<r, the electron passes only a 
small part of its orbit in the magnetic field between two collisions. For />r, 
however, it travels through several full circles before a collision with an atom 
occurs, in which case the change of resistance dR/R approaches the saturation 
value b/c. 

Therefore, when according to Eqs. (4) and (6), the values of / and X or 1 
and v respectively are known for any substance its behavior in the magnetic 
field is sufficiently known, in particular the beginning of saturation of the 
change of resistance. An investigation based on such considerations is being 
carried on in our laboratory, especially for ferromagnetic bodies. In particular 











rae i 








ELECTRICAL RESISTANCE OF Ni AND Fe WIRES 1365 


the attempt is being made to demonstrate whether on the bases of the elec- 
tron theory the abnormally low value of field strength at which magnetic 
saturation of resistance occurs with ferromagnetic bodies emphasized by 
McKeehan is to be expected. 

In this way probably the great differences between the saturation values 
obtained by different observers, quoted in McKeehan’s paper, may find an 
explanation. It will be readily understood that particularly with very pure 
materials minute quantities of impurities or slight mechanical stresses may 
have a very marked influence on the lattice structure and consequently on 
the constants mentioned above. For this reason, measurements on materials, 
the properties of which are not exactly defined are useless for the establish- 
ment of quantitative relations. 
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Fig. 15. Change of resistance of annealed iron with carbon content 
(Fig. 12) as a function of magnetization. 


Finally, an interesting analogy may be mentioned between the curves of 
resistance hysteresis previously published by the author,’ and the curves re- 
cently observed by McKeehan and published in his paper referred to above." 
These curves represent the magnetic change of resistance under tensile stress 
and are unexplained as yet. 

On representing the relative change of resistance dw/w not as a function 
of the external field 77, but by means of the curve of magnetization B =f(/7) 
as a function of the magnetic induction B, again a loop is obtained, the in- 
dividual parts of which intersect in a very striking way once or repeatedly. 
Fig. 15 demonstrates this fact, representing the function dw/w=f(B) for the 
iron wire, the curve of resistance hysteresis dw/w=f(J) of which is already 
shown above in Fig. 12. The origin of these intersections and their reality re- 
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main still quite uncertain and at the time of his publication the author suspect- 
ed the possibility of some error. Meanwhile, however, McKeehan has found 
very similar curves in the course of his experiments on the change of resistance 
by tension in the magnetic field (compare the paper! e.g. page 970). 

A striking analogy between these curves and those of the type of Fig. 15 
is evident. A closer examination of these phenomena has not yet been under- 
taken. Such measurements might be comparatively easy with nickel and at 
first in not too strong fields, the residual magnetism being very high in this 
case and the formation of the loop very marked. Further extended research 
work, which might help to solve this problem, appears very desirable. 


SUMMARY 


The special phenomena, found in the investigation of the change of elec- 
trical resistance of ferromagnetic bodies in magnetic fields dealt with in the 
present paper, may be summarized as follows: 


(1) In low applied fields the change of resistance presents no anomalies. 
The deviations from the normal curves, as frequently observed, are caused 
by errors, the most important of which is an incomplete demagnetization of 
the sample. By measurements made with this error purposely introduced it 
was demonstrated that the anomalous curves of change of resistance actually 
have their origin in incomplete demagnetization. 

(2) The saturation of the change of electrical resistance of ferromagnetic 
bodies which invariably occurs in magnetic fields of a lower order of magni- 
tude than those for saturation with non-ferromagnetic bodies appears to pre- 
sent a problem soluble on the basis of the Frank-Sommerfeld theory of mag- 
netic change of resistance. This question will be discussed in greater detail else- 
where. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-cighth of the preceding 
month; for the second issue, the thirteenth of the month. The Board of Editors 
does not hold itself responsible for the opinions expressed by the correspondents. 


The Molecular Scattering of Light from Ammonia Solutions 


During the course of an investigation of the — by Carelli, Pringsheim and Rosen.* Their data 
molecular scattering of light from substances _ with those of the writers, are given in Table I. 
in their pure and dissolved states, solutions of The excitation was by means of a quartz 
ammonia have given such interesting results mercury arc. The instrument used was a 
that it seems advisable to communicate them _Steinheil glass spectrograph. The plates were 























TABLE I 
State Reference Avy, Av Av; | Av, Av; 
Gas 1 | | 3309 
Gas 2 3337 
Liquid 3 1070 1580 3210 3310 3380 
Liquid 4 1070 3216 3304 3380 
Liquid 2 | 3214 3298 
Solution 5 3314 3385 
Solution (16N) Authors 1073 (1615)? | 3219 3311 3390 











at once. Results have previously been given photometered using a Moll microphotometer, 
for gaseous ammonia by Wood,' and Dickin- _ kindly loaned by the Department of Physics. 
son, Dillon and Rasetti;* for liquid ammonia ___ Lines corresponding to the frequency dif- 
by Daure,? Bhagavantam‘* and Dickinson, ferences 1073, 3219, 3311, and 3394 have been 
Dillon and Rasetti;? and for water solutions found to be excited by both Hg 4046 and Hg. 
4358. The line corresponding to 3311 appears 
to have been excited by Hg 4078 as well. The 
line corresponding to 1615 could be observed 
when excited by Hg 4358 after the exciting 
line Hg 4046 had been filtered out. Even under 
these conditions it is extremely faint and an 
exact determination of its position has not as 
yet been possible. The relative intensities of 
the lines can be judged from the accompany- 
ing microphotograph. (Fig. 1). 

It is interesting to note that all the lines 
which have been reported from gaseous and 


a» 





1 Wood, Phil. Mag. 7, 744 (1929). 

? Dickinson, Dillon and Rasetti, Phys. Rev. 
34, 582 (1929). 

3’ Daure, Trans. Farad. Soc. 25, 825 (1929). 

* Bhagavantam, Ind. J. Physics 5, 59 (1930). 
, 5 Carelli, Pringsheim and Rosen, Zeits. f. 
Fig. 1. Physik 51, 511 (1928). 
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liquid ammonia have now been found in the 
concentrated solution (16 normal) as well. 
The times of exposure necessary to observe 
the ammonia frequencies, Av;, Ava, and Avs 
were short enough to avoid difficulty due to 
the excitation of the water bands, although 
the latter could not be entirely avoided. 

One can hardly decide from the figures 
given in the table whether or not there is a 
change in the characteristic frequencies when 
ammonia is dissolved in water from those ob- 
served for the pure substance. It appears that 
it will always be difficult to make a decision 
concerning this point because the frequency 
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differences may depend upon the concentra- 
tion of the scattering substance in the solution 
and other factors. 

Complete details of the experimental work 
and a critical discussion of the data particu- 
larly with regard to changes taking place in 
solution will be given at a later date. 

ALEXANDER HOLLAENDER 
JoHN WARREN WILLIAMS 
Laboratory of Physical Chemistry, 
University of Wisconsin, 
Madison, Wisconsin, 
April 25, 1931. 


Capture of Electrons by Swiftly Moving Alpha-Particles 


Capture of electrons by a-particles when 
the kinetic energy of the electron with respect 
to the a-particle was equal to that of an 
energy level of the helium atom were reported 
by Bergen Davis and A. H. Barnes (Phys. 
Rev. July 1929) and by A. H. Barnes (Phys. 
Rev. Feb. 1930). 

The results reported depended on observa- 
tions made by counting scintillations visually. 
The scintillations produced by a-particles on a 
zinc sulphide screen are a threshold phenome- 
non. It is possible that the number of counts 
may be influenced by external suggestion or 
autosuggestion to the observer. The possi- 
bility that the number of counts of scintilla- 
tion might be greatly influenced by suggestion 
had been realized, and a test of their reliability 
had been made by two methods: (a) The 
voltage applied to the electrons was altered 
without the knowledge of the observer 
(Barnes); (b) the direction of the electron 
stream with respect to the a-particle path was 
altered by a small electro-magnet. Such 
changes in voltage and direction of electron 
stream were noted at once by the observer. 
These checks were thought at the time to be 
entirely adequate. 


In examining the data of observation made 
in our laboratory Dr. Irving Langmuir con- 
cluded that the checks applied had not been 
sufficient, and convinced us that the experi- 
ments should be repeated by wholly objective 
methods. Accordingly we have investigated 
the matter by means of the Geiger counter. 
Four additional experimental electron a@-ray 
tubes have been constructed for this purpose. 

Capture of the kind reported was often ob- 
served over a considerable period of time, but 
following prolonged observation the effect 
seemed to disappear. The results deduced 
from visual observations have not been con- 
firmed. If such capture of electrons does take 
place, it must depend on unknown critical 
conditions which we were not able to repro- 
duce at will in the new experimental tubes. 

We wish in particular to acknowledge our 
obligations to Mr. J. R. Dunning who has im- 
proved the Geiger counter to such an extent 
that it is almost an instrument of precision. 

BERGEN Davis 
A. H. BARNEs 
Columbia University, 
Department of Physics, 
April 25, 1931. 


The Results of a Least-Square Adjustment of Cosmic-Ray Observations 


Millikan and Cameron have recently pub- 
lished! a new series of depth-ionization meas- 
urements on the cosmic-rays, from which they 
conclude that there are four components or 
“bands” of widely varying intensity and ab- 
sorption coefficient, the latter probably in- 
creasing at first with depth on account of the 
Compton effect. In a paper read before the 
Physical Society in December, 1929, the 
writer showed how least-squared adjustment 


may be adapted to the analysis of such a com- 
bination of rays, provided they obey the as- 
sumed absorption law, and provided also that 
approximate values of the initial intensity and 
absorption coefficient of each component, such 
as Millikan and Cameron have estimated, are 
available. The method uses, as the unknowns 


! Millikan and Cameron, Phys. Rev. 37, 
235 (1931). 
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to be adjusted, not the cosmic-ray constants 
themselves, but the small, unknown correc- 
tions to be applied to the approximate values, 
in order to give the most probable values de- 
rivable from the observations. If the above 
provisions were fulfilled, and if the method 
were applied to a series of measurements of 
such precision as those of Millikan and Cam- 
eron, the small corrections would certainly ap- 
pear as a matter of routine calculation. 

Through a research grant from the Iowa 
Academy of Science, the writer has made such 
an analysis of Millikan and Cameron's latest 
data. The adjustment was, however, confined 
to the lower three-fourths of the depth range, 
in order to avoid the Compton effect as far as 
possible; and this, incidentally, eliminates the 
assumed most absorbable fourth component 
from the calculation. It was found necessary 
to prepare and use a more extended and more 
accurate table of the Gold integral than that 
employed by Millikan and Cameron. The 
numerical work was performed on a calculat- 
ing machine by an experienced computer, and 
carefully checked at every stage. The result- 
ing adjusted values of the corrections were 
found to satisfy the normal equations exactly, 
and to give a smaller sum of squared residuals 
than if the corrections were zero. 
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It is therefore somewhat disconcerting to 
have to report that these adjusted values, if 
applied as corrections, would yield a set of 
altogether meaningless and physically im- 
possible absorption coefficients and intensi- 
ties; some of which would even turn out 
negative. 

The writer can arrive at only one interpreta- 
tion of this, namely, that the assumptions 
upon which the analysis was made are not 
justified. Whether the discrepancy arises from 
insufficiently accurate tentative values of the 
constants, from the assumption of the wrong 
number of components, from the persistence 
of the Compton effect at great depths, or from 
an altogether erroneous interpretation of the 
whole phenomenon, it seems necessary to look 
with serious reserve upon any such sweeping 
conclusions as to “atom building” as Millikan 
and Cameron have deduced from the results 
of their splendid experimental work. 

A more detailed account of this investiga- 
tion will duly appear in the Proceedings of the 
lowa Academy of Science for 1931. 

Le Roy D. WELD 

Department of Physics, 

Coe College, Cedar Rapids, Iowa, 
May 1, 1931. 


Mutual Impedance of Grounded Wires on the Surface of a Two-Layer Earth 


Mr. R. M. Foster's formula! for the mutual 
impedance of any thin grounded wires lying on 
the surface of the earth has been generalized 
by us, following his basic assumptions and 
method of derivation, to cover the case of a 
horizontally stratified earth having the con- 
ductivities \; and \»: at depths which are less 
than or greater than b respectively. We find: 


d 
Zn = ff |e. + iwcoseN 


with 


4ex?(u + ag)(A — AQ)e7™ 


The integrations are extended in the double 
integral over the two wires S and s whose ele- 
ments dS and ds are separated by distance r 
and include the angle « between their direc- 
tions. This general formula includes as special 
cases: 

(1) One wire straight and doubly infinite as 
given by H. P. Evans.’ 


tasas 





Oma J, t+ 


Alairz + ads + (arr — ary); )e-2 | 


t Fa(ru)du 


N=2 J, [ax 4 cy + (ay — cn)e-™™ | Jo(ru)du 


w = 2nf = radian frequency 
A 


aj 


Jo 


1 Bulletin of the American Mathematical 
Society, May 1930, Abstract 289, pp. 367-368. 


(a + a2)(u + a1) + (ar — ax2)(u — ae 
(u? + i4nwd;)'/?, 7 = 1 and 2 
Bessel function of first kind, zero order. 


? Evans, Phys. Rev. 36, 1584 (1930) Eq. 
(30). 
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(2) The mutual resistance of any wires at 
frequency zero, that is, for direct current as 
given by F. Ollendorff.* 

(3) One wire straight and doubly infinite 
with finite earth surface conductivity, as given 
by G. Haberland.‘ 

(4) One wire straight and doubly infinite 


3 Ollendorf, “Erdstréme,” Julius Springer, 
Berlin, 1928, pp. 69-71. 

4 Haberland, Z. fiir. Ang. Math. u. Mech. 
6, Heft. 5, Oct. (1926). 


with finite earth surface conductivity and 
zero earth volume conductivity as given by 
Otto Mayr.® 
JoHN RIORDEN 
E. D. SUNDE 
American Telephone and 
Telegraph Company, 
New York, N. Y., 
May 5, 1931. 


®> Mayr, E. T. Z. Sept. 1925, pp. 1352-1355, 
1436-1440, Eq. (13). 
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ERRATA 
VARIATIONS WITH TEMPERATURE AND FREQUENCY OF DIELECTRIC 
LOSS IN A VISCOUS, MINERAL, INSULATING OIL 
By Husert H. Race 
General Electric Research Laboratory, Schenectady, New York. 


(Phys. Rev. 37, 430, 1931) 


Two mistakes in the above paper have been brought to the attention of the author. The 
corrected equations with the corrections in bold face type are given below. 


€0 . €, 
: + iwr - 
eo +2 €é, + 2 


o<s , 2 . Eq. (14) 
(Sa) + (>) . 

+ iwr 

eo +2 e.+2 

wr = (e, + 2)/(eo + 2) Eq. (23) 





THE ENERGY OF DISSOCIATION OF MERCURY MOLECULES 
By J. Ginson WINANS 
Department of Physics, University of Wisconsin 


(Phys. Rev. 37, 897, 1931) 


Figures 2 and 3, page 899, should appear as shown below, 
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BOOK REVIEWS 


Physics, A Textbook for Colleges. Revised Edition. O. M. Srewarr. Pp. 770, figs. 492. 
Ginn and Co. Boston. Price $4.00. 

In reading this College Physics, the reviewer gets the impression that the author has at- 
tempted to put in a single volume, everything that has ever been included in a college text on 
physics. There are a number of rather well-written chapters on “modern physics” of the sort 
so much in demand today but which are probably omitted by most classes. If such material 
must be included, a bit more might have been included about the Bohr atom and energy levels 
so as to give the student a more definite picture of the atom. In those places where modern 
ideas really help in giving an elementary explanation, the author has made good use of them. 

The main part of the book is not very different from many college texts. Certain features 
are however noticeable. An extra large number of topics are mentioned, some more briefly than 
usual. For example, the Carnot cycle, magnetic circuits and methods of combining vectors are 
mentioned but not really discussed. A great many formulae are given without even a suggestion 
as to how they were obtained. This is perhaps partly due to the total avoidance of all use of 
calculus. It does seem however, as if fewer formulae worked out in more detail would teach the 
student more physics. The more detailed discussions given and most of the diagrams are very 
good. The chapter on meterology is particularly good -if it belongs in the book. 

The accuracy of the book, particularly as to definitions, seems to be very high although the 
indeterminate expressions “calories per gram per degree” and “cm per sec per sec” are used. 
There is included an unusually large number of problems and answers. Since there is no perfect 
text on college physics, the reviewer believes that many teachers will find this book very satis- 
factory and that they will get good results from its use. 

NIEL F, BEARDSLEY 


Principles of Engineering Thermodynamics. P aut J. KikFER AND MiLton C. Stuart. Pp 
545, figs. 135. John Wiley and Sons, Inc. New York, 1930. Price $4.50. 

It is strictly an engineering thermodynamics in that it treats of the subject in relation to 
all power plant problems, such as the steam engine, steam turbine, gas engine, compressor, 
refrigerating machine, etc. It is a successful endeavor to tie the fundamental principles taught 
in a good course in physics with the theory and technical application of thermodynamics in the 
various types of power machinery. The treatise is divided in five parts. Part 1, composed of three 
chapters, considers the first law of thermodynamics and the division of energy into different 
forms, as stored and transient energy in relation to flow and non-flow processes. Part II, which 
contains four chapters, takes up the second law of thermodynamics, the Carnot principle and 
makes a particular effort to give more of a physical significance to entropy, i.e., as a measure of 
the unavailability of energy. The latter point is to be especially commended. In the three chap- 
ters constituting Part III are treated the properties of the various media in which these thermo- 
dynamic processes must operate when applied to practical devices. The assumption of certain 
ideal conditions to establish a fundamental relation and then the institution of other factors to 
admit the introduction of other superposed physical effects as one passes from the theoretical 
to the practical case is well demonstrated in this treatment. There are eight chapters in Part IV, 
each devoted to a different type of motive power machinery. Each illustrates how certain ac- 
cessories are instituted to make the special type of machine operative and the corresponding 
diversion from the theoretically ideal device. A working relation is obtained for each case. 

The principles of thermodynamics are so general, that there are many other problems in 
physics and chemistry which may be solved by their application. Part V is used to develop 
additional thermodynamic equations such as are required in this large field of work that lies 
outside of this text. 

Probably one of the most commendable features about this treatise is the summary, review 
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questions and the problems accompanying each chapter. Not only has it high pedagogical value 
but there is nothing that systematizes information and gives one a perspective of the subject 
like a summary. It inspires a feeling of mastery. Apparently there was no sparing of effort for 
clarity in the text. 

L. F. MILLER 


Algebraic Charts. EnGar Deun. Columbia Press, New York, 1930. 14 cards in an envelope. 


These charts consist of six fundamental cards, each accompanied by a card giving an il- 
lustrative solution. The curves and auxiliary formulas provided permit the approximate solu- 
tion of any quadratic or cubic equation, and of a certain type of bi-quadratic equation. The 
charts furnish interesting simple illustrations of nomographical methods and give applications 
of certain fundamental notions of analytic geometry and the theory of equations. Teachers of 
mathematics, particularly in colleges of engineering, would probably find the charts appropriate 
for supplementary work in certain of their courses. 

Any graphical method for solving a quadratic equation is largely of theoretical interest, 
because of the ease with which the algebraic solution can be performed. Hence, from the practi- 
cal standpoint, the charts are of interest mainly as they apply to cubics and bi-quadratics. For 
such equations, it appears to the reviewer that Mr. Dehn’s methods could be applied efficiently 
only by one with a good knowledge of the theory of equations, and then only after considerable 
practice. If used efficiently, however, these charts would be very useful aids in problems where 
the degree of approximation of the chart-solutions would be satisfactory. 

WILLIAM L. Hart 


Wave Mechanics. Louis DEBROGLIE. Translated by H. T. Flint. Pp. 249+vi, figs. 13. 
Methuen and Company, London, 1930. Price 12/6. 


The number of good books on the quantum mechanics is rapidly increasing, so the student 
now has the choice of numerous styles and modes of exposition. In most of these texts the em- 
phasis is on the “how”; i.e. the technique of the theory and its application to numerous prob- 
lems. In the present volume, by the originator of the wave mechanics, the emphasis is placed 
on the “why”; in particular on the comparison of the ideas underlying the classical (Newton- 
Hamilton) and the modern (deBroglie-Schroedinger) view-points. Professor deBroglie here, as 
in his other works, builds up his argument starting from the dynamical equations of Newton 
and of the restricted principle of relativity. This makes a very compact and elegant argument, 
incidentally furnishing the student with a good chance to renew his acquaintance with general 
dynamical principles. The transition to waves is very clearly set forth, and there is a wealth of 
illustrative material on the motion of the waves and of probability packets in special cases. The 
average American student may find the treatment rather mathematical for a first trial, but 
after he has learned, from other sources, how to “quantize” a few things, he may return to this 
book and derive considerable pleasure and profit from it. The reviewer cannot help but record 
his enjoyment at the open-minded and considered manner in which Professor deBroglie treats 
his subject. Unfortunately there is a considerable tendency toward dogmatic statement among 
many writers on quantum mechanics, a tendency which the reviewer believes leads only to an 
unnecessary confusion and uncertainty on the part of many who are sincerely trying to under- 
stand something about the theory. This book should do much to help the situation andthe 
translator is to be thanked for making it available to the English-speaking public. 

E. L. Hitt 


Lecons Sur Le Calcul Vectoriel. T. A. Ramos. Pp. 119. Librairie Scientifique A. Blanchard, 
Paris, 1930. Price, fr. 25. 

Despite its numerous good points, this book probably will not make much appeal to Ameri- 
can physics students, principally because of the choice of notation. The notation of Gibbs has 
become so standard in the physical literature that it scarcely seems worth while for a beginning 
student to learn any other. Considered on its own merits, however, this book gives a pleasing 
presentation of the subject. Vector algebra and calculus are developed in detail, the applications 
being mainly of a purely mathematical nature; e.g. to space curves and surfaces and to curvi- 
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linear coordinates. The treatment throughout is of a better grade than in most texts with which 
the student is apt to make contact, but might have been helped in places by the addition of 
simple figures. The last chapter, of a more advanced character, gives a treatment of tensor 
calculus as a direct generalization of vector analysis. 


E. L. Hite 


Principles of Electrical Engineering (Second Edition). W. H. Timpre Anp V. Busn, Pp. 
595, figs. 270. McGraw-Hill Book Company, New York, 1930, Price $4.50. 

In this edition of the well-known text most of the articles and figures remain as in the first 
edition except those in the last four of the thirteen chapters. Many of the articles in these last 
chapters have been rewritten and valuable material added. Nearly all of the 600 problems are 
new or entirely rewritten. 

The text is a substantial first course designed to train students in the principles of applied 
electricity and is the outgrowth of the experience in teaching the subject to electrical engineering 
students at the Massachusetts Institute of Technology. Some training in the use of calculus is 
presupposed. It is assumed that the student has completed or is pursuing the first college course 
in physics, including the subject of electricity as treated therein. 

The outstanding feature of the text is its many exceptionally valuable problems which are 
improved in this edition and which give information concerning the basic practical aspects of 
electrical engineering and excellent training in analytical thinking. The magnetic circuit and 
dielectrics are stressed and the electron theory is used freely. The subjects of thermionic emis- 
sion, conduction through gases, electrolytic conduction and some high frequency phenomena 
are included in addition to the standard subjects. The summary at the end of each chapter of 
the main facts and laws treated in that chapter is commendable. 

Historical relationships are disregarded. The text, aside from secondary statements, de- 
fines ampere as the rate of flow of a coulomb per second. The volt is defined only in terms of the 
difference of potential produced by a standard cell, while the difference of potential itself can 
hardly be said to have been defined. The maxwell is defined as “the amount of flux which, when 
established in a magnetic circuit, will produce one abvolt-second in a coil of one turn wound 
on the magnetic circuit.” The generated electromotive force is a circuit is then referred only 
to this. Such treatment, notwithstanding its practical simplicity, gives an inadequate picture 
of the units and tells nothing concerning how the electromotive force is produced by the change 
in flux. This treatment may be permissible in a text of this nature only on the assumption that 
the student has had previous training in the theoretical aspects of the subject and in the 
systems of units. 

While minor details and the definitions may be criticized and some mis-statements still 
appear, the text on the whole is excellent and gives substantial training from the practical point 
of view in the basic principles on which modern electrical engineering is founded. 

ANTHONY ZELENY 


Constitution et Thermochimie des Molecules. ALBERT GOSSELIN AND MARCEL GOSSELIN. 
Pp. vii+231. Les Presses Universitaires de France, Paris, France. 


The authors propose a new theory of chemical combination based on the hypothesis that: 
first, there exist within molecules other molecules and groupings, as for example a H2 molecule 
exists within a methane molecule, and second there exist two kinds of chemical bonds, the polar 
and nonpolar bond which may produce a semi-polar bond. The molecule is furthermore con- 
ceived as a dynamic structure with a central atom around which the other atoms, groups or 
constituent molecules gravitate. The ideas that are new are certainly different from the usual 
notions and it appears to the reviewer, they are quite unnecessary and based on insufficient 
evidence. The four hydrogen atoms in methane are surely equivalent as far as we have experi- 
mental knowledge of this situation, and there is no need to introduce the idea that a H, mole- 
cule exists within the methane structure. To be sure some such notion is presented by writers 
on molecular structure who attempt to study molecules on the basis of molecular wave mechan- 
ics, but the present authors do not mention these newer concepts at all. Their new structures 
are sometimes quite remarkable: A central oxygen atom of mass 16 has a bromine molecule 
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of mass 160, a HBr molecule of mass 81, a couple of hydrogen atoms and two ethylene groups 
gravitating around itself! The authors think that they can claim their new structures to be 
correct because they are able to set up a scheme of thermochemistry for their new formulae 
which checks when used for predicting the heats of formation of compounds. But this only 
means that they were consistent in their changes of formulae and is no proof for their ideas. 
The book is written in a clear style as all French books are and it has been an interesting 
pastime to review the book, for it served to compare the “new” ideas with the current notions 
held by the reviewer, and it is felt that the new theories presented are quite unnecessary. It is 
hoped that the book will be available to mature students only who can judge for themselves 
and who have been instructed in the well-tried ideas of modern valency theory. 
GEORGE GLOCKLER 


Telephone Theory and Practice; Theory and Elements. Kempster B. MILLER. Pp. 
xiv +486, figs. 272. McGraw-Hill Book Company, New York, 1930. 

This is the first volume of a three volume work by an author who has long been an au- 
thority in this field. 

Part I, consisting of four chapters, is mainly historical, tracing in a highly interesting man- 
ner the developments in communication up to the present time. The history of the electric 
speaking telephone is accurately presented. 

Part II includes a discussion of the nature of sound and hearing, the conversion of sound 
waves into electric waves, the functions of vacuum tubes in the transmission of these waves, 
and concludes with a chapter on magnetism and magnetic materials. 

The three chapters on sound are of particular interest. The first shows the physical mean- 
ing of the properties, loudness, pitch, and quality. The second deals with the sensation of sound 
showing the manner of operation of the ear, and giving the evidence for the “maximum ampli- 
tude” theory of determination of pitch. The significance of the auditory sensation area, and 
the meaning of the units of pitch and loudness are clearly presented. Subjective tones are dis- 
cussed and illustrations of their rather startling effects given. The phenomenon of masking, 
so important when extraneous noise is present, is competently treated. The third of these chap- 
ters on sound describes simply and clearly the operation of the vocal organs in speech. The 
relative importance of various frequencies in articulation, and in good musical reproduction 
is shown. 

The chapter on vacuum tubes gives good physical pictures of the operation of these devices 
in their various functions, and the chapter on magnetic materials discusses principally the 
iron-cobalt-nickel alloys used in modern telephone apparatus. 

The third part of the volume discusses the construction and use of the elements of tele- 
phone apparatus such as wires, coils, condensers, contacts, which play such important roles 
in the modern telephone system. ; 

The volume is ably and interestingly written, well referenced to primary sources, and excel- 
lently printed and illustrated. The almost non-mathematical treatment of voice waves and 
alternating currents is ingenious and makes it easily readable to the layman as well as to the 
technician. 

RaLpH D. BENNETT 


The Metallic State. Electrical Properties and Theories. W. Hume-Rotuery. Pp. 372+xx, 
figs. 66. Clarendon Press, Oxford, 1931. Price $9.00. 


The general problem with which this book is finally concerned is the understanding of the 
properties of metals, including not only ordinary pure metals, but also intermetallic compounds 
and alloys in general. The problem is therefore one which by tradition has been associated, in 
certain broad aspects, with the metallurgist, and the author has indeed had the training of a 
metallurgist, and at the time of writing held the position of Armourers’ and Brasiers’ Company 
Research Fellow in Metallurgy. The subject is, however, preéminently one for the physicist, 
and the book is throughout almost exclusively devoted to the purely physical aspects of the 
problem. 

In order not unduly to expand the book, attention is confined to those aspects of the 
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problem about which most is known and in which the most significant theoretical progress 
has been made, and this restricts the book almost entirely to the electrical properties of metals. 
The book is divided into two parts, the first experimental and the second theoretical. The ex- 
perimental part does not deal at all with such conventional metallurgical matters as methods 
of fixing the phase diagrams, or even with the phase diagrams themselves to any large extent, 
but it is concerned with electrical and thermal conductivity, some of the galvano-magnetic and 
thermo-magnetic effects, thermo-electric effects, and emission and contact potential difference 
phenomena. The dependence of these properties on composition, temperature, and mechanical 
stress is discussed, and constitutes a valuable summary of data which has not before been 
collected into one place. 

In the theoretical part most of the theories of historical or present day importance are 
discussed, starting with the electron gas theory of Drude and its mathematical elaboration 
by Lorentz. The discussion of the theories now discarded is most skillfully done, both in point- 
ing out the weaknesses of the theories and in emphasizing the way in which many of the physical 
aspects of the present wave mechanics pictures were being anticipated as the only possible 
solution consistent with the complex experimental situation. The discussion of the Sommerfeld 
theory and its later modifications presents the very valuable and revolutionary achievements 
of the theory, but also does not fail to emphasize the features in which the theory is weak or 
unsatisfactory—a welcome antidote to the attitude of too many recent writers that electrical 
phenomena in metals are now, again, an essentially closed chapter, and that only details remain 
to be filled in. There is a concluding section dealing with correlations between electrical pro- 
perties, position in the periodic table, and the structure of the atom according to recent ideas, 
which is most interesting. This includes a full discussion of a number of most curious and un- 
doubtedly significant empirical correlations discovered by Hume-Rothery himself which will 
be most welcome. 

As a whole, the book is exceedingly stimulating and suggestive, and cannot be too highly 
recommended to the careful study of any one working in this field. It is unusual in the emphasis 
that it puts on unsolved problems, and in its suggestions as to possible programs for their solu- 


tion. One point repeatedly emphasized, namely that the physicist in making measurements in 
the field of alloys almost always deals with specimens which no metallurgist would tolerate 
because they have not been sufficiently annealed to reach a condition of equilibrium, would in 
itself justify the book if the warning is heeded. 


P. W. BRIDGMAN 





